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ABSTRACT 
The following investigation centers upon an attempt to examine 
the problem of anterior dental reduction during the bio-cultural 
transition from archaic {Neandertals) to fully modern human forms. 
By focusing on the nature of dental root variability in the permanent 
maxillary anterior teeth ( Il-c-)., an endeavor is made to explore 
the absolute and relative tooth size differences characterizing 
the comparative samples. The samples selected for study were a 
collection of individual anterior teeth from an Upper Pleistocene 
cave deposit {Krapina, Yugoslavia) and a Plains Indian Arikara popula­
tion {Larson site, South Dakota). 
The research objectives of this analysis are twofold: (1) To 
investigate the integration among the root and crown dimensions 
within individual anterior teeth in an effort to elucidate the dif­
ferences that exist between the sample groups and generate meaningful 
comparisons aimed at understanding the factors contributing to the 
.temporal patterns of dental variation; (2) To examine the relationship 
between the permanent maxillary anterior root dimensions (length, 
mesiodistal, buccolingual) and palato-facial measurements in the 
homogeneous population of Arikara Indians as a means of indirectly 
evaluating the proposition that expanded anterior dentition in Neander­
tals was a contributing factor toward the maintenance of vertical 
facial expansion and increased facial length. 
Absolute tooth size differences between the archaic and modern 
groups were found to be statistically significant for all root and 
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crown dimensions examined. Moreover, the results of the root-crown 
analyses indicate that both samples demonstrate relative concordance 
in the degree of association between corresponding tooth diameters 
(mesiodistal, buccolingual), but they exhibit marked divergence 
concerning the correlation between root length and corresponding 
root and crown diameters. These differences consist of greater 
buccolingual expansion associated with increased root length in 
the Arikara and a stronger association between the mesiodistal diameter 
of the root and root length in the Neandertals. The divergent patterns 
of variation were interpreted as reflecting the effects of intense 
selection maintaining a tooth morphology in the Neandertals highly 
efficient at dissipating greater levels of occlusal stress generated 
during the use of the anterior teeth in non-masticatory behaviors . 
. Based upon the results of the multivariate procedures employed 
to investigate the degree of integration between the anterior root 
dimensions and facial measurements, it is concluded that underlying 
effects are present which serve to associate these variables with 
one another. It is further concluded that expanded anterior tooth 
size in Neandertals was responsible for maintaining the extent of 
vertical facial displacement and subnasal prognathism characteristic 
of these archaic human groups. Finally, natural selection is con­
sidered the most likely evolutionary mechanism producing the directional 
pattern of variation observed in the modern comparative sample. 
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CHAPTER I 
INTRODUCTION 
Opening Remarks 
Morphological change through time has been described and 
documented for many features of the hominid lineage. Tooth size 
reduction is one such trend which in part characterizes the direc­
tion of human evolution during the transition from archaic to modern 
Homo sapiens in Europe and other areas of the Old World. The general 
trend toward decreasing tooth size is seen to continue into the 
later phases of the Upper Paleolithic and Mesolithic typified by 
smaller crown dimensions and a reduction in total occlusal area 
(Brace 1967; Brace and Mahler 1971; Wolpoff 1971; Frayer 1978). 
Although the rate of dental reduction was not constant during the 
terminal phases of the Pleistocene, the general pattern is observed 
in many regions of the Old World (Le Blanc and Black 1974; Frayer 
1977; Brace and Hinton 1981). 
In addition to differences in the rate of tooth size diminu­
tion, dissimilarity is also recognized in the degree of reduction 
between the anterior and posterior teeth. Typically, anterior dental 
reduction occurring from Neandertals to anatomically modern forms 
is relatively greater than �hat witnessed for the molar complex 
(Frayer 1978; Brace 1979; Wolpoff 1979). Several explanations have 
been forwarded to account for these patterns in hominid dental 
evolution during the Upper Pleistocene (Chapter II), and in some 
1 
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manner or another they attempt to relate the development of modern 
dental morphology to an evolutionary model that explains the dis­
tribution of tooth size variation through time. 
Statement of Purpose 
The present study offers a different approach to the problem 
of anterior dental reduction through an analysis of teeth as repre­
sented by root dimensions as opposed to traditional measures of 
crown size and total occlusal area. This research effort was pri­
marily initiated on the basis of several observations forwarded by 
F. Smit� (1976,1983) concerning the facial morphology of the Krapina 
Neandertals and the relationship with particular dimensions of the 
maxillary anterior teeth. Increased root length and labia-lingual 
expansion of the anterior tooth roots were submitted as possible 
determinants of vertical facial expansion and sub-nasal prognathism 
characteristic of archaic sapiens toward the end of the Riss-WUrm 
interglacial. Brace (1967,1979) and Brace and Mahler (1971) un­
equivocably attribute the trend toward facial gracilization witnessed 
during this period to concomitant reductions in tooth size. Although 
no direct causal link was asserted by F. Smith (1976), the existence 
of a positive association between tooth root size and certain aspects 
of facial morphology suggested to him that expanded anterior root 
dimensions (vertically and labia-lingually) facilitated larger facial 
structure in Neandertal populations. 
After some.consideration it became apparent the problem did 
indeed warrant further detailed analysis. For if patterns of 
3 
anterior root variation were integrated with established evolutionary 
trends in tooth crowns and cranio-facial dimensions, additional 
insight into the course of dental reduction could be provided. 
Furthermore, if an inquiry into the specific association between 
root morphology and facial size were extended to include inter­
correlations between individual tooth structures, i. e. , the root 
and crown, a notable contribution could result by simply defining 
the limits of existing variability and exploring the strength of 
the relationship between these dimensions. 
The temporal trend in anterior root size reduction has been 
considered to some extent by Rossmann 1971. He demonstrated the � 
existence of statistically significant differences in the anterior 
tooth roots (maxillary and mandibular 1-C) between the Krapina sample 
of individual teeth and a modern white sample from Michigan. Rossmann 
acknowledged the applicability of root dimensions to the study of 
dental reduction and offered support for the interpretation that 
facial shortening in archaic sapiens was caused by a decrease in 
absolute tooth size. However, the relationship between facial 
morphology and root size was not specifically addressed in the 
modern sample nor was the direct association between corresponding 
root and crown dimensions. Thus while absolute root length diff�r-
ences have been directly verified, other integral aspects of the 
dento-facial structure remain virtually unexplored. 
One obvious reason for this situation is the nature of the 
fossil material itself. Aside from problems related to the extrac­
tion of statistically adequate samples (i. e. , randomness and 
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representativeness), the availability of intact fossil specimens 
preserving measurable facial and tooth root dimensions is severely � 
limited. Even within the large Krapina collection of teeth, most 
are isolated and unassociated with cranial material {F. Smith 1976; 
Wolpoff 1979). Consequently, these fossil data are not amenable 
to sophisticated analytical techniques or multivariate methods at­
tempting to focus on several morphological dimensions simultaneously. 
As a means of circumventing these obstacles, it was decided 
to direct attention to the original teeth that were available from 
Krapina and to approach the questions of root-crown and root-face 
associations in a comparative modern population. The use of a well 
documented and complete skeletal series enables a particular set 
of morphological dimensions to be examined and provides an oppor­
tunity to. explore associations between variables which would other­
wise be impossible with poorly represented fossil material. Depend­
ing upon the problem to be addressed and the research design employed, 
it may then be possible to relate th� patterns of variability identi­
fied to the group of primary interest. If limitations inherent 
in an extrapolation procedure are recognized and interpretations 
are forwarded cautiously, the ability exists to investigate relation­
ships among variables in sufficient numbers and to hold an acceptable 
degree of confidence in the results. This is the approach utilized 
in the present investigation. 
Research Objectives 
Contained within the body of this report are a series of 
analyses which address the question of anterior dental reduction 
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within human groups during th� past 100,000 years or so. Although 
a general consensus predominates among paleoanthropologists regarding 
the major evolutionary trends identified _in the fossil record, wide 
disagreement persists in connection with questions of ultimate causa­
tion. Selection for smaller teeth and dental simplification are 
complex problems involving biological and cultural interaction at 
several levels and at present these questions remain unresolved. 
For this reason, the current undertaking does not regard the delinea­
tion of underlying mechanisms responsible for changes in dento-facial 
morphology as a paramount goal. Instead, an attempt is made to 
ascertain the range of integration between the anterior masticatory 
structure and specific facial dimensions in a fully modern population 
as a necessary first step in developing meaningful comparisons with 
limited and temporally dispersed samples of archaic J:!. sapiens. 
As alluded to previously, the objectives of this analysis 
are primarily twofold: (1) To investigate the inter-correlation 
among the structural elements (root and crown) of the permanent 
maxillary anterior teeth in both neandertals and a selected group 
of modern humans, aimed at corroborating the assertion of absolute 
tooth size differences and exploring the relative divergence in 
patterning that is presumed to exist; (2) To examine the relationship 
between the permanent maxillary anterior root dimensions (length, 
mesio-distal, buccolingual) and chosen measures of palato-facial 
size in a homogeneous modern population in order to indirectly test 
the proposition that large tooth roots in Neandertals are related 
to vertical facial expansion and increased facial protrusion. 
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Although this study is descriptive in the sense that an 
attempt is forwarded to explore and define some fundamental 
parameters of tooth root variability including intra-tooth, inter­
dental, and dento-facial associations, basic hypotheses are initially 
generated upon which the results can be tested and evaluated. Evi­
dence of non-random patterning is anticipated to emerge regarding 
specific associations if indeed significant interaction is present 
between those dimensions under immediate investigation. The conclu­
sions reached based upon the present data set can be substantiated 
or refuted with additional ·research applied to the problem of root 
size variation in other human groups by employing the same or a 
similar battery of analytical techniques. Specific details of the 
hypotheses to be tested and the results obtained in each phase of 
the analysis will be presented shortly in the appropriate sections. 
In sum, this analysis centers on the identification of pattern­
ing between the roots and crowns of individual anterior teeth in 
an attempt to uncover differences in the extent of correlation between 
archaic and modern Homo sapiens. Inter-tooth associations are also 
examined in the modern sample as an additional means of addressing 
the relative degree of structural integration between the anterior 
teeth. Moreover, specific root dimensions contributing to the varia­
bility in facial morphology within a fully modern human population 
are investigated in order to further understand observed trends 
in anterior dental reduction initiated several thousand years before­
hand. If it can be demonstrated in the modern group that a sjgnificant 
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relationship exists between maxillary anterior root dimensions and 
palato-facial size, i . e . ,  shorter roots correspond to reductions 
in dimensions that contribute to facial height and protrusion, it 
may be inferred and perhaps confirmed by further analysis that tooth 
root and crown expansion in Neandertals exerted a significant influ­
ence in maintaining robust facial morphology. 
Thesis Outline , I 
In the chapters which follow the analytical objectives framed 
in the opening pages are implemented and the individual findings 
are related to the matter of anterior tooth size reduction. Ini­
tially a brief overview is presented examining the major theories 
advanced over the years to account for decreasing dental dimensions 
in hominid populations . Since the results of this study impact 
. directly upon the problem, it is important to recognize the operation 
of evolutionary mechanisms suspected of performing a crucial role 
in the reduction process. Next, a review of the pertinent research 
incorporating tooth root dimensions as a major focus of attention 
is offered. Underlying developmental determinants of root size 
variation are also discussed with particular reference to the problem 
of assessing the relative contributions of genetic and environmental 
controls upon adult root morphology. Furthermore, previous inquiries 
directed towards unraveling the extent of root size-facial size 
integration are also considered. This background research is examined 
in order to provide familiarity with the comparative and experimental 
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methods utilized in previous analyses of dento-facial associations 
and to develop a framework upon which the present results can be 
evaluated. Chapter IV contains information regarding the derivation 
of the individual samples employed in this study and a general de­
scription of the groups in terms of composition, chronology, and 
archaeological context. Also included in this chapter is a discussion 
of the univariate and multivariate procedures adopted to uncover 
the associations between the individual structures of the anterior 
teeth and the methods used to examine the integration between the 
facial and root dimensions within the comparative modern sample. 
Chapters V and VI present the results of the intra- and inter-tooth 
analysis in both groups and the findings of the dento-facial investi­
gations in the modern sample, respectively. The following section 
offers a discussion of the individual results from each phase of 
the analysis. In addition, conclusions drawn based on the patterns 
of association uncovered are put forth in relation to the problem 
of anterior dental reduction. Finally, a summary is presented con­
taining a brief overview of the current research endeavor ending 
with a series of succinct statements encapsulating the significant 
findings. 
CHAPTER II 
DENTAL REDUCTION: A CONSIDERATION OF THE PROCESS 
Introduction 
Evolutionary changes in hominid tooth size have received 
extensive attention and documentation in the anthropological and 
related literature (Schultz 1934; Weidenreich 1937; Dahlberg 1945, 
1963; Robinson 1954; Garn and Lewis 1958; Brace 1963,1967; Bailit 
and Friedlander 1966; Osborne 1967; Greene 1970; Wolpoff 1971; Brose 
and Wolpoff 1971; Brace and Mahler 1971; Soafer 1973; P. Smith 1976, 
1982; Frayer 1978). This is the case not only because the teeth 
and supporting structures are more frequently preserved in the paleon­
tological record than other skeletal elements, but also as a result 
of the potential insight provided in connection with the biology 
and culture of earlier hominid populations. Since the teeth experi­
ence direct contact with the immediate physical environment, they 
are usually regarded as sensitive markers of long-term evolutionary 
changes occurring within fossil lineages (Le Gros Clark 1959; Brace 
1979). The tendency toward anterior and posterior dental reduction 
is visibly apparent despite the strong genetic control exerted upon 
dental maturation as evidenced in the high heritabilities of crown 
dimensions (Osborne et al. 1958; Garn et al. 1965b; Potter et al. 
1976) and the complex polygenic inheritance patterns teeth are pre­
sumed to follow (Potter et al. 1968; Townsend and Brown 1978; 
Hanihara and Ueda 1979). 
® 
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Maximum anterior tooth size (root and crown) is achieved 
in Riss-WUrm Neandertals from Krapina, Yugoslavia (F. Smith 1976; 
Brace 1979; Wolpoff 1979,1980), followed by continuous reduction 
into the later phases of the Upper Pleistocene and into the Upper 
Paleolithic transition (Frayer 1977,1978). The overall rate of 
reduction as noted by Brace (1979) is approximately 15% from Krapina 
to the "Classic" Neandertals of Western Europe as judged on the 
basis of cross sectional tooth area. An additional 5% reduction 
characterizes the populations at the beginning of the Upper Paleo­
lithic. Moreover, Brace (1967) and Brace and· Mahler (1971) maintain 
anterior tooth size decreased at a relatively constant rate during 
the Upper Pleistocene. This view is contrasted with the conclusions 
reached by P. Smith (1976) suggesting anterior dental reduction 
proceeded at an accelerated rate between the Riss-WUrm and WUrm 
1-11  than between the WUrm 1-11 and WUrm III-IV. These discrepancies 
result primarily from differential composition of the sample groupings 
and should not obscure the basic point that a directional trend 
toward decreasing anterior tooth size occurred from the Riss-WUrm 
interglacial through the later stages of the Pleistocene. 
As noted earlier, patterns of changing dentition in hominids 
are accepted by most paleoanthropologists, however speculation abounds 
concerning the causal mechanisms producing this secular trend in 
tooth size. Several models have been proposed to explain modifica­
tion in tooth dimensions incorporating a variety of different evolu­
tionary processes as significant agents of change. The following 
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discussion reviews the major theories of dental reduction considered 
as plausible explanations by researchers within the field. The 
current focus upon maxillary anterior teeth considers a number of 
key associations between structures intimately involved in the reduc­
tion process; thus it is important to understand how patterns of 
root variation uncovered in this study relate to the broader context 
of anterior tooth size decline during the Upper Pleistocene. In 
each of the models to be considered the fundamental questions addressed 
can be �hrased as follows: Why has reduction in the size and com­
plexity of the teeth been the general pattern noted during the course 
of human evolution? And lastly, What are the underlying mechanisms 
producing change, especially during the archaic-modern transition? 
Probable Mutation Effect 
Without question, the most renowned scenario· forwarded to 
account for hominid dental reduction relates to the effects of muta­
tion in an environment devoid of intense selection pressure for 
large tooth size. Initially proposed by Brace (1963) and termed 
the "Probable Mutation Effect" (PME), this model served to integrate 
earlier work by Wright (1929, 1931) and others investigating the 
function of mutations in the evolutionary process. Based upon evi­
dence suggesting most mutations are recessive and lead to structural 
reduction through the disruption of biochemical pathways determining 
individual phenotypes, Brace (1963, 1964) formulated a theory of 
dental reduction which attempted to explain evolutionary changes 
in tooth size as the long-term accumulation of mutations in a popu­
lation. In Brace's words: 
As technology increasingly took over tasks formerly 
performed by the dentition, the adaptive advantage 
formerly inherent in the possession of large teeth 
decreased, and mutations affecting the face could 
occur without disadvantage to the possessors. Since 
the majority of such mutations will result in structural 
reduction, it is no surprise to find that the human 
face has become smaller as human culture has become 
a more complete means for adaptation (Brace 1963: 
44}. 
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Wolpoff (1969) generally agrees with and offers support for 
Brace's synthesis of the PME concept as an explanatory mechanism 
for the reduction in hominid dental dimensions. However, he suggests 
some refinement and modification with respect to specific aspects 
of Brace's (1963) original formulation of the theory. Specifically, 
Wolpoff asserts that reduction need not be the sole consequence 
of relaxed selection and similarly, inoperative selection is not 
the only cause of structural reduction. In fact, Prout (1964) notes 
that in some instances mutations may result in structural increase 
of a phenotypic expression. Nevertheless, the association between 
dental reduction and changes in masticatory function and cultural 
development related to tooth use has been demonstrated to exist 
in human groups (Dahlberg 1963; Frayer 1977,1978; Brace 1980), and 
it is widely interpreted to result from technological sophistication 
during the Paleolithic supplanting previously held functions of 
large anterior teeth in the Upper Pleistocene (Brace 1967; Brace 
and Mahler 1971; Wolpoff 1971; Brose and Wolpoff 1971; F. Smith 
1976,1983). 
Virtually all studies addressing recent human dental evolution 
since the initial formulation and publication of the "Probable 
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Mutation Effect" by Brace are directed as tests of the hypothesis 
or in some fashion speak to the tenants of the model. Criticism 
is often leveled against the PME on the grounds that it negates 
genetic reality in addition to being untestable in the fossil record 
{Prout 1964; Bailit and Friedlander 1966; Brues 1966; Holloway 1966; 
Suarez 1974; Doyle and Johnston 1977; Frayer 1978). While some 
researchers in opposition to the model have examined the evidence 
and submitted alternate hypotheses, others have primarily concen­
trated on the reported inability of the PME to account for temporal 
patterns of dental variation. Some of these criticisms are presented 
below. 
Focusing on dental asyrrmetry, Suarez {1974) attempts to demon­
strate flaws in the suppositions of Brace's model. He proposes 
a test of variability based on the patterning of variance through 
time as discussed by Wolpoff 1969. Specifically, the variance of 
a morphological dimension is expected to exhibit an increase under 
the conditions of reduced selection. Similarly, a trait tightly 
constrained by selective pressure is not anticipated to substantially 
deviate about an optimal mean value. Suarez compared dental dimen­
sions in a heterogeneous sample of Neandertals with a modern popula­
tion of Ohio whites utilizing the level of asynmetry as a measure 
of variability between the two groups. The anterior teeth of 
Neandertals were discovered to be significantly more asymmetrical 
than the modern sample. · Therefore, it was concluded dental reduction 
is not the result of the PME because variability as quantified by 
asymnetry does not increase through time as the model predicts. 
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Doyle and Johnston (1977) object to the conclusion reached 
by Suarez (1974) by asserting that as,YTT1T1etry is a poor indicator 
of selective rorces acting upon a population. Based on data indi­
cating the Ohio white sample was less as,YTT1T1etrical than corresponding 
groups in which cultural buffering from environmental stress was 
minimal, they argue that as,YTT1T1etry is more a product of external 
factors than a true reflection of the direct action of stablizing 
selection upon the genotype. Thus elevated as,YTT1T1etry levels in 
Neandertals may simply indicate strenuous environmental conditions. 
These researchers conclude that available data does not support. 
or refute the operation of the PME as a significant mechanism of 
human dental reduction. Although Brace's (1963) model has not achieved 
universal acceptance as a legitimate .mechanism of dental reduction, 
the theory has not been totally abandoned either. This is exemplified 
in a recent effort by McKee (1984) in which continued support is 
offered for the credibility of the "Probable Mutation Effect" based 
on a computer simulation seemingly indicating that the accumulation 
of mutations over time could have resulted in the patterns of dental 
reduction the original model proposed. 
Natural Selection as a Mechanism of Dental Reduction 
Bailit and Friedlander (1966) also evaluated the strength 
of the PME as an explanatory theory of tooth size dimunition. On 
the basis of a lack of adherence to current evolutionary theory 
and purported weak associations between tooth size and technological 
complexity, they conclude it is inadequate as a causal model of 
dental modification. As noted in the following statement: 
The evolutionary reduction in the anterior teeth in 
the genus Homo is not, in all probability, due to 
a random accumulation of mutations acting to reduce 
these selectively "neutral" structures, as Brace proposes. 
Rather, it is more consistent with modern evolutionary 
theory to postulate a positive process of natural 
selection for smaller anterior teeth (Bailit and Fried­
lander 1966: 666). 
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However, these researchers acknowledge the inherent difficulty of 
isolating particular selective pressures for smaller anterior teeth 
during the course of human evolution. In order to assert the import­
ance of selective factors in determining observed patterns of dental 
variation the adaptive advantage of reduced anterior tooth size 
must be clearly demonstrated, but presently the contribution of 
small teeth to the overall fitness of an individual remains somewhat 
vague. Attempting to resolve the problem, several hypotheses have 
been offered in direct response to the "Probable Mutation Effect" 
invoking natural selection as the significant force in the dental 
reduction process (Brues 1966; Greene 1970; LeBlanc and Black 1974; 
Frayer 1977, 1978). Implicit in these models is the theoretical 
assumption that small tooth size facilitates a reproductive advantage 
(differential reproductive success) over individuals possessing 
larger dental dimensions. A variety of explanations put forth in 
support of this assumption are presented below. 
Frayer (1977, 1978) undertook a comprehensive analysis focusing 
on the distribution of tooth size among Paleolithic populations, 
and he interpreted the observed patterns of dental variation within 
the framework of a selection model. Recognizing the apparent limitations 
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of dental asymmetry as a reliable indicator of inter-populational 
tooth size variation, he proposed to test Wolpoff's (1969) predic­
tions by investigating the relationship between absolute size reduc­
tion and concomitant changes in dimensional variance. Frayer dis­
covered the amount of variation in crown diameters decreased through 
time, and he suggested the operation of directional selection for 
smaller teeth, especially anterior crown dimensions. Some of the 
specific trends he identified merit further discussion and summariza­
tion since they generally typify accepted patterns of dental altera­
tion subsequent to the occurrence of megadont Neandertals in the 
Upper Pleistocene. 
Within the Early Upper Paleolithic consistently larger tooth 
dimensions than either the Later Upper Paleolithic or Mesolithic 
are observed in Frayer's samples. However, the differences between 
the EUP and LUP are more pronounced than those noted to exist between 
the LUP and Mesolithic. Upon delineating periods of accelerated 
�ental reduction followed by relatively minor change, Frayer relates 
the trend to established levels of cultural and technological develop­
ment. Therefore, cultural sophistication and technological efficiency 
evolved at greater speed between the EUP and LUP than from the LUP 
into the Mesolithic. 
Assuming that structures changing at a rapid evolutionary 
pace should theoretically be associated with a high intensity of 
selection, the rate of change is expected to reflect the magnitude 
of selection. During the Upper Paleolithic the rate of alteration 
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is inconsistent as exemplified by increased dental reduction between 
the EUP and LUP. In general the overall rate of change is perceived 
as low and thus the magnitude of selection is also presumed to be 
low. Nevertheless, directional selection is offered by Frayer ( 1977, 
1978) as the mechanism producing dental reduction, anterior and 
posterior, since the rate and degree of change are correlates with 
technological efficiency. Moreover, if the "Probable Mutation Effect" 
were operational, fluctuation in reduction trends would be substituted 
for acceleration at a constant rate through time. 
Brues ( 1966) equates Brace's model and the implicit reduction­
istic arguments to Lamarkian theory. She ·emphasizes the importance 
of the facial region and believes it is improper to dismiss the 
role of intense selection maintaining optimal morphological dimen­
sions. Specifically, she points to canine reduction and the subsequent 
advantages in masticatory efficiency it permits. Although this 
is not of direct significance for recent trends in human dental 
evolution, it exemplifies an argument incorporating sel�ctive force 
as the underlying cause of alteration. In addition, Brues advances 
the possibility of selection directed against excessive weight in 
the facial region thereby increasing the biomechanical efficiency 
of rotating head movements. In her view such a situation would 
bestow unto individuals a decided advantage in predator avoidance 
and environmental assimilation. 
Other theories have also been devised which attempt to attach 
a specific adaptive advantage to reduction in dental dimensions. 
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Responding to Brace (1963,1964), Prout (1964) argues for the invoca-
tion of alternative hypotheses to the PME citing several examples 
of structural reduction not produced by mutation pressure. Natural 
selection is proposed as one of many mechanisms underlying this 
process. Although evolutionary changes in tooth size are not reviewed 
directly, Prout (1964) notes two long-term advantages of structural 
reduction which are applicable to human dental modification. These 
include elevated survivability of individuals exhibiting smaller 
structures by decr�asing succeptibility to injury and infection, 
and through conservation of developmental energy needlessly diverted 
towards maintaining non-adaptive structures. 
Greene (1970) discussed the implications of these theories 
for human dental evolution and incorporated the arguments into a 
model substituting positive selection as the impetus for change. 
He suggests tooth size reduction and simplification are adaptive 
as carious resistant features imparting to small toothed individuals 
increased protection from oral disease and subsequent deleterious 
complications. This contention is supported by Van Reenen (1966), 
who demonstrated a significant correlation between the incidence 
of carious decay and complexity of molar cusp patterns in the Bushmen. 
The case advanced regarding selection for developmental efficiency 
remains experimentally unverified, but it is deemed by these researchers 
as preferable to the PME on purely theoretical grounds. 
Developmental Interaction and Tooth Size 
In addition to selective forces acting upon the teeth directly, 
dental reduction in humans is also intimated to result secondarily 
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from phylogenetic shortening of the face and jaws (Weidenreich 1937; 
Hooton 1931; Robinson 1954). Throughout the course of hominid evolu­
tion reductions in the size of the teeth are accompanied by a gracil­
ization in the size of the masticatory structure. In this view 
dental modifications are regarded as responses to changing jaw dimen­
sions. Thus this theory presupposes the importance of evolution 
influencing the cranio-facial morphology and the tendency of the 
developing dentition to decrease as a result of immediated structural 
constraints. Weidenreich (1937) stresses the role of an expanding 
cranial vault and the subsequent impact upon surrounding dento-facial 
morphology . 
. . . the reduction and transformation of the dentition 
is a part of and a correlative reaction to the process 
of alteration affecting the entire skull. Apparently, 
the enlargement of the brain case, that is to say 
the increase in brain size, must be considered as 
the most conspicuous character of such an alteration 
(Weidenreich 1937: 160). 
Robinson (1954) considers dental reduction more as a direct reflection 
of irrmediate space restrictions within the jaw as opposed to broad 
cranio-facial changes. However, this model has been discounted 
by some researchers (Goldstein 1932; Pedersen 1949) on the grounds 
third molar agenesis is more common among large jawed Eskimo groups 
than among populations with smaller masticatory apparatus. In addi­
tion the di�unition of tooth size is witnessed in a number of relatively 
long-faced animals in which a large diastema reflects the availa-
bility of space in the dental arch (Moorrees and Reed 1954). 
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Acknowledging the relationship between long-term evolutionary 
trends in tooth size and facial size, Soafer et al. (1971); Soafer 
(1973); Alvesalo and Tigerstedt (1974) offer renewed support for 
the assertion that dental reduction is a consequence of skeletal 
changes limiting space availability. On the basis of evidence indi­
cating posterior teeth within each morphological class exhibit greater 
structural reduction and increased variability, a model is put forth 
relating dental reduction to selection against genotypes unable 
to produce sufficiently small tooth dimensions and thus facilitating 
the acconmodation of all the teeth in a reduced jaw. Therefore, 
a potential for environmental modification of tooth size exists 
resulting from compensatory interaction between teeth in terms of 
developmental energy and space limitations at the time of formation. 
Natural selection is operating to maintain structural harmony between 
the teeth and jaws, but the ultimate mechanism of dental reduction 
is perceived to be related to increased fitness of genotypes demon­
strating smaller dimensions of the facial region. 
Summary 
The preceding review illustrates the complexity involved 
in elucidating the mechanisms responsible for tooth size changes 
occurring during hominid evolution. It is evident that a number 
of interreleated variables are potentially impacting upon dental 
modification and these are not easily understood based upon evidence 
recovered from the fossil record. Isolating causal factors producing 
temporal trends in dental dimensions is limited by our present ability 
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to distinguish between phenotypic characters strongly controlled 
by selective forces and morphological alteration resulting from 
non-adaptive reduction. Although the majority of research cited 
here tends to either refute or withhold overwhelming support for 
the utility of the "Probable Mutation Effect, 11 alternative hypotheses 
are also subject to criticism on several grounds. It is concluded 
that at present it is· not possible to assert, without some objection, 
that selective forces were operational in a given area and time 
or is it possible to explain why dental reduction was adaptive to 
evolving hominid populations. 
Although it was stated at the outset that the delineation 
of evolutionary mechanisms responsible for dental reduction stood 
outside the immediate focus of this investigation, it may be possible 
to approach this question at least in terms of the manner in which 
the present results conform to theoretical expectations concerning 
the disribution of variability under conditions of selection, random 
mutation, or developmental interaction. Thus if the patterns of 
tooth root variatton uncovered in this analysis can be incorporated 
into one of these evolutionary models, additional insight may be 
provided towards understanding the course of dental reduction from 
archaic to modern Homo sapiens. The implications of the present 
research for this problem are discussed in Chapter V I I. 
CHAPTER III 
THE APPLICATION OF TOOTH ROOTS IN 
ANTHROPOLOGICAL RESEARCH 
Introduction 
Before delving into the presentation and discussion of the 
specific results obtained in this analysis, it is first necessary 
to outline several research endeavors which are of particular import­
ance to the current investigation. Initially a brief review of 
previous inquiries utilizing root dimensions in comparative studies 
is offered. Secondly, the proposed sources of variability in root 
size are addressed in an attempt to elucidate the range and extent 
of mechanisms exerting significant influence on the development 
of adult root morphology. Finally, research directed towards under­
standing the association between tooth roots and facial dimensions 
·is considered. By examining the type of approaches which characterize 
previous analyses of root size variation and specific trends noted 
by the observers, a framework is established upon which the findings 
of the current investigation may be compared and evaluated. 
Upon reviewing much of the available English literature deal­
ing in some part with the measurement of tooth roots in aboriginal 
populations (Campbell 1925; Drennan 1929; Shaw 1931; Nelson 1938; 
Pedersen 1949), dental root development (Kovacs 1967, 1971), and 
their relationship to facial structure (Kloehn 1938; Dempster et 
al. 1963), it became readily apparent that a scarcity of quantitative 
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data on tooth root dimensions exists. Indeed the tooth crown and 
crown diameters have traditionally received the majority of profes­
sional attention both in modern groups and individual fossil hominid 
specimens. Unfortunately in the few instances where root length is 
specifically examined and reported, only basic descriptive statistics 
for each morphological tooth class are usually published. Notable 
exceptions to this are the works by Selmer-Olsen (1949a, 1949b) in 
which root length is examined and discussed in direct relation to 
associated masticatory structures. He outlined several aspects 
of tooth root morphology in the Norwegian Lapps and attempted to 
integrate patterns of variability in root length with other elements 
of the dentition. A number of the general trends noted include : 
consistently larger roots in the mandible (except for the canine), 
1 
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1� 
positive correlations between crown height and root length, and 
sexual dimorphism expressed as longer roots in males. 
The genetic control upon crown diameters is well documented 
in human populations (Lundstrom 1948; Horowitz et al. 1958; Garn 
et al. 1965a, 1965b; Garn et al. 1967; Goose 1967; Lewis and Grainger 
1967; Garn et al. 1968; Potter et al. 1968; Alvesalo and Tigerstedt 
1974; Potter et al. 1976), but little is understood concerning the 
heritability of root dimensions or the nature of root-crown correla­
tions. A fundamental consideration in the present application of 
tooth root dimensions to the topic of anterior dental reduction 
is the extent to which developmental stability characterizes root 
formation and the relative contributions of underlying mechanisms 
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shaping root morphology. It is important to evaluate the determinants 
of root morphology, for if it confirmed that outside (non-genetic) 
factors significantly influence the attainment of adult root size, 
the applicability of tooth root dimensions to the problem of human 
dental evolution becomes somewhat problematic. Obviously it is 
difficult to construct inter-group comparisons with respect to a 
set of given variables if these variables are impacted upon by a 
wide range of environmental factors not shared by the populations 
of interest. Unless this problem is recognized and addressed, attempts 
to generate meaningful comparisons will be of limited value. For 
this reason the following discussion explores the extent to which 
the developmental control of root formation corresponds to that 
which has been demonstrated for crown diameters. 
Determinants of Root Formation (Genetic) 
Garn and associates have pioneered quantitative research 
in tooth root dimensions (Garn et al. 1978a) and their relationship 
to crown diameters (Garn et al. 1978b; Garn et al. 1979). Investi­
gating the extent of association between root lengths of the 
mandibular dentition (C--M2), they identified significant positive 
pooled sex correlations between adjacent teeth in a group of 121 
individuals. In addition, a pattern of decreasing correlation between 
tooth classes once removed was also noted. The observed pattern 
of variation was interpreted as representing the effects of 11 • • •  
a distance field of decreasing intensity particularly affecting 
the roots of adjacent teeth" {Garn et al. 1978a). Moreover, root 
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length-crown diameter associations (mesiodistal, buccolingual) were 
examined (Garn et al. 1978b) and positive correlations for both 
crown diameters were discovered. The strongest relationship existed 
betwen the mesiodistal crown diameters and root length. Again the 
overall positive correlations obtained were attributed to the presence 
of a dimensional field affecting each tooth as a single structure. 
Although these pilot investigations focus exclusively on the mandibular 
dentition of modern white individuals, they do serve as a comparative 
base for the current analysis of maxillary anterior root dimensions. 
Additional evidence also exists substantiating the action 
of hereditary factors upon the control of root length variation. 
Jakobsen and Lind ( 1973) examined the distribution of short root 
anomaly in the permanent maxillary central incisors of 1,038 Swedish 
children and noted significant differences with regard to gender. 
Females were most often afflicted with the short root condition, 
whil e the longer root variant was more frequently exhibited by males. 
In addition to sexual dimorphic variability, Lind (1972) observed 
other trends in the distribution of root length among a smaller 
group of Swedish chil dren. Specifical l y, the existence of a positive 
correl ation between parents and offspring exhibiting the short root 
phenotype was noted, and the anomaly was characterized by S,YITITletrical 
expression in both maxil lary central incisors. Moreover, systematic 
patterning between racial groups was suggested to occur. Although 
no detailed explanation for the underlying causes of these trends 
were forwarded by these researchers, the patterns of variation were 
regarded to be primarily of genetic origin (Lind 1972; Jakobsen 
and Lind 1973). 
Determinants of Root Formation (Environmental) 
26 
Potential sources of variation in root length and root size 
in general and the impact of environmental effects upon normal growth 
and development have been addressed to some extent in human groups. 
In a descriptive investigation focusing on the formation of tooth 
roots in multirooted teeth, Kovacs ( 1967) . notes that the dynamics 
of the diaphragm during the eruptive phase of ondontogenesis are 
critical in determining the eventual length of the root. Essen­
tially, if the diaphragm narrows rapidly, the root length decreases, 
and conversely, if narrowing of the diaphragm is delayed, teeth 
will exhibit longer roots. He further asserts that this process, 
which is closely linked with radicular bifurcation, is primarily 
under genetic control. On the other hand he also notes, 
. . .  the apical third of the tooth root that develops 
during the penetrative phase is influenced by normal 
and physiologic anatomical circumstances and by pathe­
logic circumstances; i. e. , by the paratype that, com­
bined with tne genotype, gives it its phenotypical 
character (Kovacs 1967: 873). 
Based on this assessment it is apparent that the final length of 
the tooth root is subject to environmental influences; thus the 
degree of variability in root dimensions between groups can partially 
be attributed to factors independent of the genotype. 
Taylor (1969) reviewed the patterning of intra-individual 
variability in the lengths of the maxillary anterior tooth roots. 
® 
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He interpreted the absolute size increase from the _central incisor 
to the canine as a consequence of space limitations in the alveolus 
and morphology of the subnasal region directly impinging upon the 
development of the incisors. Conversely, the canine root is associ­
ated with a long pillar situated on the lat�ral margin of the nasal 
aperature facilitating the attainment of a longer root . length due 
to the absence of structural constraints on root development. These 
observations appear to give credence to the conclusion that root 
lengths of the maxillary anterior teeth are visibly constrained 
by the imnediate physical environment, however the extent to which 
the imnediate physical environment is itself under genetic control 
is not addressed. 
I 
Accepting the argument that environmental determinants of 
root length exist, the. question then becomes: to what degree does 
environmental alteration of root dimensions occur and how is this 
manifested in the organism? Aside from the research conducted by 
Kovacs (1967,1971), little information is avail able for human groups. 
However, Riesenfeld (1970a,1970b) has demonstrated the range of 
variability in root lengths in rats that were subjected to different 
types of artificially induced stress. In a series of experiments 
designed to test the effects of environmental stress on normal dental 
development, he identified several instances of abnormal root growth. 
Initially, Riesenfeld observed that postnatal nutritional deficiency 
impairs the growth of tooth roots and delays eruption of the crown. 
Furthermore, the severity of nutritionally induced stress depends 
upon the magnitude and duration of the deprivation. 
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Irregular tooth development was also produced by impairing 
normal masticatory function (Riesenfeld 1970a). Root lengths and 
crown size were generally enlarged when occlusal stress was at a 
minimum resulting from the absence of normal functional resorption. 
Thus in human populations which are expo�ed to an unusually high 
amount of occlusal stress, increased root length may be a selective 
advantage, but the degree of root resorption occurring as a result 
of the stress may give the appearance of a short rooted population. 
For example, Pedersen (1949) attributed the trend toward short tooth 
roots in Eskimos to increased levels of functional resorption in 
the apical region of the alveolus. Thus root length must also be 
viewed as an age related dimension subject to modification during 
the course of an individual's life. 
Unlike the delineation of genetic effects upon the formation 
of crown diameters, the partitioning of variance producing mechanisms 
in dental roots is less certain. The data required to gain a better 
understanding of the factors controlling root development in humans 
are simply not available. However, based on the evidence just offered 
a model is proposed which recognizes the contribution of environ­
mental and genetic determinants upon the phenotype of human tooth 
roots. The field effects noted by Garn ( 1978a, 1978b) indicate some 
integration of the root dimensions, especially root length, between 
adjacent teeth, but on the other hand the experimental results obtained 
by Riesenfeld (1970a, 1970b) suggest potential vulnerability of the 
root to non-genetic effects. Although the precise . portion of 
(. 
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variability accounted for by each component is not clear, it may 
be possible to segregate the variation in a broad sense. The experi­
mental and comparative studies referred to earlier illustrate the 
extent root dimensions can be externally modified, and it does appear 
that root length is more a product of environmental factors than 
are corresponding crown diameters. Conversely, it is also recognized 
that there is a genetic component of the variation primarily affect­
ing the cervical two-thirds of the �oot, and this was deemed by 
Kovacs {1967,1971) to be the most significant influence upon root 
maturation. Since this is a crucial question affecting the legitimacy 
of the current comparative effort, these assumptions will be evaluated 
in Chapter VII by examining how well these data are seen to conform 
to expectations which suggest the coexistence of genetic and environ­
mental determinants upon adult root morphology. 
With some background knowledge regarding the developmental 
control of root dimensions in humans, attention is now directed 
towards the relationship between tooth roots and specific dimensions 
of the palate and facial region. Since the second phase of the 
present investigation involves exploring the nature of this associa­
tion as a means of further understanding patterns of anterior dental 
reduction in human groups, it is fJ rst necessary to outline the 
extent of relevant research in this area. It is important to know 
if tooth root size is closely allied with facial size and determinants 
of facial growth, because if a strong correlation between these 
variables is demonstrated, some developmental control maintaining 
structural integration is indicated. 
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Associations Between Root Size and Facial Size 
While the specific relationship between root size (length) 
and facial size (protrusion) in human populations has not been 
explored, several studies have attempted to relate crown size with 
cranio-facial and post-cranial dimensions which reflect body size 
and proportion to some extent. Most results seemingly indicate 
a rather low overall correlation between body size and tooth size, 
which is generally interpreted to represent tight genetic control 
of tooth diameters and the developmental independence of crown 
diameters from the rest of the body. In an analysis investigating 
the relationship between tooth width and the length and width of 
the cranium in a population of 110 Swedish conscripts, Fillipson 
and Goldson (1963) concluded no correlation exists with head length 
and only a slight correlation is evident with head width (r=. 2). 
Garn .et al. (1968) addressed the question of tooth size-body size 
correlations in 109 long-term participants of the Fels longitudinal 
studies. They found correlations were low between mesiodistal and 
buccol ingual crown dimensions and body size as reflected by estimates 
of stature. 
Gabriel (1955) examined the extent -0f correlation of mesiodistal 
crown diameters with one another and with palate breadth, facial 
height, and facial breadth. He noted the maxillary anterior teeth 
( Il-c-) are positively correlated with one another and negatively 
correlated with the diameters of the molars and premolars. More-
over, a relationship was demonstrated between palate breadth and 
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facial breadth (r=.54) and between facial height (nasion-prosthion) 
and facial breadth (r=. 63). Finally, Gabriel concluded that no · 
association exists between the width of the individual teeth and 
the width of the maxillary arch. 
While these studies tend to indicate some degree of tooth 
size-body size correlation, the coefficients are not of the magnitude 
to infer the existence of powerful underlying mechanisms coordinating 
development between the two morphological systems within an individual. 
In fact the relative independence of crown size in relation to the 
rest of the skeletal system is quite evident. However, investiga­
tions approaching the problem of tooth size-facial size associations 
in an attempt to elucidate the magnitude of integration between 
the two systems have applied root length as a measure of tooth size 
and obtained a different set of results. 
Generally root length has been demonstrated to exhibit a 
stronger correlation with facial length than standard measures of 
crown size. Although no data are �vailable for human groups, the 
relationship between relative root length and facial size (Palatal 
Index) has been explored within a number of non-human mammalian 
species. Riesenfeld and Siegel (1970) identified the extent of 
association between these variables in several species of long and 
short faced dogs. They noted a significant positive correlation 
between relative root length (root length x 100) and 
root length + crown ht. 
palatal index (palatal breadth x 100). In the premolar region a 
palatal length . 
significant correlation was absent, but the three incisors and canine 
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did exhibit a strong relationship with palatal length. It was 
observed that maxillary root shortening and elongation were most 
pronounced in the areas of the pre-maxillary and maxillary-palatine 
sutures within this sample of dogs. Thus it is suggested this pattern 
of root length variation is the result of greater growth arrest 
in the. maxillae of short faced dogs and conversely, the enhanced 
growth potential in the maxillae of long faced dogs. Riesenfeld 
and Siegel (1970) concluded that root lengths are subject to the 
influences of biomechanical and developmental processes shaping 
the gnathic morphology of these animals. 
A similar approach was utilized by Siegel (1972) in which 
the relationship between facial protrusion and root length was 
examined in a group of sixty baboons (Papio anubis). Product moment 
correlations were computed between root lengths and maxillary palatal 
lengths and other mandibular dimensions as well. The values of 
11r 11 were somewhat variable but typically on the order of ( . 35). 
The maxillary canine root length displayed the strongest correlation 
with facial length (r=. 72). As was the case in the dog study, the 
pattern of root variability was associated with the proximity of 
a particular tooth to regions of increased growth activity. In 
the baboons this area is concentrated around the maxillary-palatine 
suture. 
In search of corroborative data supporting the results ob­
tained in the comparative approaches, Riesenfeld (1970a) experi­
mentally induced facial shortening in rats by surgical removal of 
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the nasal septum in order to assess the environmental factors impact­
ing upon dental (root) development. As a consequence of the pro­
cedure, normal growth of the face was impaired accompanied by a 
corresponding decrease in root length of the molars. Moreover, 
root length reduction was greatest in the maxillary molars, and 
this finding was attributed to the increased shortening of the region 
experienced due to septum removal. Although in this study the dif­
ferential effects of facial growth upon the anterior teeth were 
not addressed specifically, it seems reasonable to conclude that 
a similar response could be anticipated. 
Disruption of normal dental development in response to 
artificially induced facial shortening was also observed by Sarnat 
and Wexler ( 1966) in a small group of rabbits. Experimental animals 
displayed a shortening of the pre-maxillae and nasal bones resulting 
in extreme protrusion of the mandible relative to the palate. 
Specific effects on root lengths were not reported, but dental growth 
disturbances and malocclusion of the incisors were noted. Thus 
the previous investigations seem to verify the potential for varia­
bility in dental morphology depending upon circumstances affecting 
normal facial growth. 
For purposes of the analysis at hand the preceding review 
of the comparative and experimental approaches investigating the 
relationship between root length and facial protrusion raises at 
least two important questions. Namely, Is the association demon­
strated in non-human species substantiated in human populations? 
and secondly, how might the factors influencing normal dental (root) 
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development relate to observed trends in ttnterior dental reduction 
characteristic of human groups during the terminal stages of the 
Upper Pleistocene? These questions will be addressed· during the 
presentation of the results from the dento-facial analysis presented 
in Chapter VI and the discussion of the patterns of integration 
between these variables uncovered within the comparative sample 
of modern humans . 
CHAPTER IV 
MATERIALS AND METHODS 
Introduction 
The present chapter outlines the nature of the samples used 
in this study and the analytical techniques employed in each phase 
of the investigation. Initially the context and chronology of the 
Neandertal sample is described and the data collection procedures 
are discussed. This same format is then followed for the modern 
group. Within this section the dental measurements taken on the 
anterior teeth are also defined. Next, the statistical procedures 
applied in order to ascertain the association between the tooth 
root and crown are presented. Finally, the derivation of the expanded 
modern sample utilized to investigate the patterning of dento-facial 
dimensions is examined . This segment includes a definition of the 
cranio-facial measurements, a discussion of the missing value estima­
tion techniques used, and the statistical methods applied to the 
data. 
Neandertals 
Archaeological Context 
The individual teeth used to generate the archaic sapiens 
sample were excavated from Krapina cave, Yugoslavia by D. Gorjanovic­
Kramberger between 1899 and 1905. This site consists of 9 strati­
graphic zones yielding cultural material underlain by 4 levels 
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exhibiting faunal remains only (Gorjanovi� 1906; F. Smith 1976, 1978). 
Unfortunately the majority of the isolated teeth originate from 
uncertain stratigraphic levels within the cave deposits, and thus 
dating of the material is somewhat problematic. Based on known 
stratigraphic positioning of other hominid specimens within the 
deposits, the individual teeth are attributed to a cultural layer 
referred to as the " Homo zone" (F. · Smith 1976; Wolpoff 1980). Accepted 
dates place most of the teeth between the end of the Riss-W"urm inter­
glacial and the final stages of the WUrm II stadial in Eastern Europe 
(F. Smith 1976, 1978). However, F. Smith (1982) suggests many of 
the loose teeth recovered from the Krapina sequence are more closely 
aligned with an earlier Riss-WUrm date based on the size of the crown 
diamet�rs which exceed those of Neandertal specimens from other 
known geographical locations (F. Smith 1976; Brace 1979; Wolpoff 1979). 
Data Collection 
The total number of isolated teeth recovered from Krapina 
cave number 191 representative of all mandibular and maxillary tooth 
groups . This sample comprises the largest collection of fossil hominid 
teeth yet retrieved from a single archaeological site . However, 
in the current analysis only 22 maxillary anterior teeth ( Il-c-) 
met the criteria for inclusion in the sample. The criteria simply 
defined as preservation of the five dimensions of interest (root 
length, mesiodistal, buccolingual, crown mesiodistal, buccolingual) . 
In an effort to increase the sample size an estimation procedure 
was employed enabling an additional 10 teeth to be included. 
37 
Through the application of a multiple regression (least squares 
technique) missing root length values in 2 central incisors, 5 lateral 
incisors, and 3 can i nes were estimated. All other dental di mensions 
represent ori ginal values. Initially an exploratory analysis aimed 
at identifying a 1 1best model solution " was performed using all variable 
selection options offered under the Stepwise Procedure (SAS Institute 
1982). For each tooth the buccolingual and mesiodistal root and 
crown dimensions were entered as the independent variables. The 
resulting regression models were evaluated on the basis of the R2 
values and plots of the residuals. Predicted values for the missj ng 
root length dimensions were then obtained utilizing the parameters 
option in the Proc GLM (SAS Institute 1982). Appendix I contains 
the equations and the relevant parameters for each of the three 
models employed. 
Further augmentation of the sample was achieved by including 
four isolated teeth from two additional Neandertal sites. From 
Ehringsdorf, a Riss-WUrm counterpart in East Germany Wolpoff (1980), 
one central and one lateral maxillary incisor were added. Given 
the temporal similarity to Krapina and the small percentage of the 
total sample these represent, the effects of introduced error by 
combining specimens are considered to be minimal. In addition, 
two teeth, a central incisor and canine, from Vindija Cave, Croatia, . 
Yugoslavia were included in the sample. Dated to the Late Mousterian­
Early Upper Paleolithic transition (Wolpoff et al. 1981; F. Smith 1982), 
the isolated specimens traverse the range of variation for late 
Neandertals, and for the reasons cited above these teeth are in­
corporated with the Krapina remains. 
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Thus the total number of teeth upon which the Neandertal 
sample is based numbers 36: 9 central incisors, . 14 lateral incisors, 
and 13 canines. All measurements were recorded by Fred Smith, and 
his data are the basis for the analyses undertaken here. It is 
important to note that given the isolated nature of these teeth 
it is not known what percentage of the sample is comprised of homologous 
teeth from a single individual or the sex ratio for each tooth class. 
Modern Humans 
Archaeological Context 
Comprising the comparative sample of fully modern Homo sapiens 
employed in this analysis is a population of Plains Indian (Arikara) 
recovered from the Larson Site (39WW2) in Walworth County, South 
Dakota. This material is part of the William M. Bass Plains Indian 
skeletal collection located at the University of Tennessee. Excavated 
under the direction of Dr. Bass from 1966-1968 this group is repre­
sented by a total of 628 individuals (Bass and Rucker 1976; Owsley 
and Bass 1979). Affiliated within the Post-Contact Coalescent variant 
of the Coalescent tradition, the Arikara occupation at the Larson 
village and adjoining cemetery ranges from approximately 1679 to 
1733 on the basis of ceramic associations (Johnson cited in Jantz 
1984). The Arikara represent the northernmost extension of the 
Caddoan linguistic family dwelling in earthlodges and engaging in 
horticultural activities. Maize was the primary dietary staple 
supplemented with buffalo utilized as food and a source of raw material. 
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Jantz (1973) notes the presence of minimal European admixture con­
trasted with a greater degree of gene flow from neighboring Mandan 
populations. Nevertheless , the Larson Site is presumed to represent 
a relatively homogeneous group of Amerindians craniometrically 
similar to other Arikara occupations in the Northern Plains. 
Data Collection 
Typically in skeletal specimens the anterior teeth are easily 
removed from their sockets post mortem due to a general absence 
of root curvature and torsion facilitating adhesion to the alveolus . 
This characteristic proved benefJcial for purposes of the present 
investigation , but unfortunately the anterior teeth are frequently 
not recovered during the course of archaeological excavation. In 
several instances individuals exhibiting well preserved crania were 
necessarily excluded from the �ample because of missing teeth. 
In some cases the anterior teeth had been replaced in their resp�ctive 
sockets and intentionally glued in order to minimize loss after 
recovery and reconstruction. Although this practice did pose a 
minor obstacle prohibiting access to the root, it was easily sur­
mounted by applying a solvent agent (70% isopropyl alcohol) to the 
teeth and surrounding alveolus. 
At the outset it must be stated that the extraction of the 
sample was based upon an effort to obtain the maximum number of 
individuals to which the series of dental measurements could be 
applied. Thus no strict randomization procedures were implemented. 
Those burials displaying intact anterior teeth were chosen for 
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inclusion in the analysis. However, individuals exhibiting evidence 
of alveolar and/or apical resorption were excluded if it appeared 
the root or palate dimensions had been adversely affected. Individu­
als displaying anomalous conditions such as supernumerary anterior 
teeth, impacted teeth, or congenital absence of the lateral incisors 
were also omitted from the sample. Furthermore, subadults lacking 
complete apical development of the tooth root were barred from in­
clusion. Finally, anterior teeth demonstrating severe occlusal 
and/or interproximal attrition were eliminated from the root-crown 
comparison, however if the root dimensions exhibited negligible 
alteration and the cemento-enamel junction displayed no obliteration, 
the teeth were included in the analyses examining dento-facial 
relationships. 
A total of 105 individuals comprise the Arikara sample: 
52 males, 49 females, and 4 burials of indeterminate sex. However 
the number of individuals utilized in most of the analyses is actually 
less than the total due to the exclusion of observations with missing 
values. Sample sizes for each phase of the analysis are presented 
where appropriate. Given the existing constraints upon sample 
derivation already discussed, males and females were combined into 
a single sample population in order to provide sufficient degrees 
of freedom for statistical inference. However, where noted, males 
and females were examined as separate samples. Age related variability 
was not a consideration in this study aside from the obvious need 
to exclude subadults displaying incomplete root maturation. All 
age and sex determinations were performed by Owsley (1975). 
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Dental Analysis 
Definition of Dental Measurements 
Anterior maxillary root length and root and crown diameters 
(mesiodistal, buccolingual) were determined by dial calipers to 
the nearest 0. 1 mm. Root length was defined as the maximum distance 
in a straight line from the cementa-enamel junction to the apex 
on the buccal surface of the tooth parallel to the midline of the 
root (Selmer-Olsen 1949a). Mesiodistal and buccolingual root dimen­
sions were recorded immediately below the cervix as the maximum 
diameter of the root. Mesiodistal crown dimensions were - taken at 
the points of contact between teeth while the buccolingual diameters 
were recorded as the maximum breadth perpendicular to this dimension. 
This procedure was followed for all teeth. Each tooth is thereby 
represented by a total of 5 measurements. In this analysis, the 
dental variables reflect values from the left side of the maxillae. 
In the· case of missing teeth the antimere was substituted when 
available. 
Statistical Procedures 
Several techniques were applied to evaluate the patterning 
of variation between the root and crown dimensions within and among 
the sample populations. Initially, descriptive statistics were 
calculated for all dental dimensions including mean values, standard 
deviations, and the class intervals. Absolute size differences 
between the archaic and the modern H. sapiens samples were compared 
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by computing a t-statistic in an effort to test the hypothesis that 
the means of corresponding variabl es from each data set are equal . 
Al l univariate statistics were generated via Proc T-Test (SAS 
Institute 1982). The l evel of significance chosen for rejection 
of the nul l hypothesis was . 01. 
Secondl y, the association between the root and crown dimensions 
of individual teeth were examined separatel y  for each group util izing 
a series of simpl e l inear and mul tipl e regression model s .  Three 
primary aspects within each anterior tooth were investigated: 
(1) rel ationship between root l ength and the corresponding crown 
diameters [root l ength = bo + bl (crown m-d) + b2 (crown b-1 ],  
(2) rel ations�ip between root l ength and corresponding root diameters 
[root l ength = bo + b l  (root m-d) + b2 (root b-1 ) ] ,  (3) rel ationship 
between mesiodistal and buccol ingual diameters of the corresponding 
root and crown (a) [root m-d + bo + bl  (crown m-d) ],  (b) [root b-1 
+ bo + bl (crown b- 1) ] . Regressions were fitted by l east squares 
to each tooth ' s  val ues appl ying the General Linear Model procedure 
in the SAS Package (SAS Institute 1982) . Adequacy of fit was 
eval uated by examining R2 val ues and pl ots of the residual s. In 
the Krapina sampl e al l model s were derived from the maximum number 
of teeth avail abl e for each group. However, due to the systematic 
excl usion of observations exhibiting missing val ues, each regression 
model fitted to the val ues of the Arikara dimensions is based on 
a different sampl e  size . The one exception is the model fitted 
sol el y to the val ues of the root dimensions consisting of 105 ob­
servations for al l three maxil l ary anterior teeth. Sampl e sizes 
for the other models are reasonably similar ranging from 50 to 65 
observations. 
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For each model, tests for homogeneity of the slopes were 
performed in order to evaluate the similarity of the regression 
equations and the extent to which differential effects on the 
dependent variables exist between the two groups. The null hypothesis 
of both regressions being equal was tested by examining the sums 
of squares of the Group X Dimension interaction with group and the 
appropriate dimensions inserted as independent variables using Proc 
GLM (SAS Institute 1982). The resulting F statistics and the specific 
values of the slope for each model are presented in Chapter V. 
Since in the modern sample the teeth are associated with 
known individuals, it was possible to represent each individual 
as a vector of measurements for the combined set of root and crown 
dimensions from all 3 anterior teeth. Unlike the Neandertal sample, 
this enabled the 5 dental measurements from each tooth to be 
incorporated into a single data set and subjected to multivariate 
techniques aimed at elucidating variable associations and patterning 
within individuals. Only individuals with a complete set of 15 
measurements were included in this phase of the analysis, and this 
decreased the sample size to 42 observations. Two multivariate 
procedures were employed, factor analysis and canonical correlation. 
Factor analysis was applied as a dimension reducing device 
intended to address the internal relationships among the original 
variables. Sexes were pooled yielding a within-group correlation 
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matrix which was submitted to the Proc Factor option of the SAS 
package. Variances were standardized since the root lengths exhibited 
significantly greater variability than the other dental measurements. 
The factor extraction method utilized was (principal ), which generated 
the initial variance maximizing rotation. Resulting components 
exhibiting eigenvalues equal to or greater than 1.0 were retained 
and subjected to varimax rotation. Only the results of the rotated 
factor solutions are presented. 
Attempting to further delineate the interaction between the 
distinct structures of the anterior teeth, a canonical correlation 
analysis was performed. In contrast to the regression approach 
focusing on relationships within individual teeth, this procedure 
permitted the strength of the association between all of the root 
and crown dimensions in the modern data set to be explicitly investi­
gated and tested. Specifically, the root and crown variables were 
represented as two distinct vectors and the relationship between 
the two sets of measurements was examined. Using Proc Cancorr (SAS 
Institute 1982 ) canonical variables from each set were derived and 
the hypothesis that correlations between the canonical variables 
equals zero was tested. Nine variables comprise the vector of root 
measurements (root length, mesiodistal, buccolingual ), while 6 
dimensions are represented on the crown vector (mesiodistal and 
buccolingual Il-c- ). The significance level chosen for . rejecting 
the null hypothesis was .01. Canonical coefficients were also 
examined in order to ascertain the nature of association between 
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the two sets of variables on each of the resulting canonical correla­
tions. Finally, results of the canonical redundancy analysis are 
presented in an effort to evaluate the predictive power of a canoni­
cal variable for its counterpart. 
Dento-Facial Analysis 
The Sample 
The individuals included in this phase of the analysis 
represent a subset of the larger Arikara sample. All burials dis­
playing well preserved and unfragmented crania while simultaneously 
possessing the necessary anterior teeth were selected for inclusion 
in the sample. Crown dimensions were excluded from examination 
due to the relatively small number of individuals with a complete 
set of measurements. In all, 72 burials possessed a full compliment 
of required variables. As with the Neandertals, an attempt was 
made to augment the sample by using a regression technique to estimate 
missing values for several individuals. Those burials demonstrating 
measureable skulls but missing either a central or lateral incisor 
were added by generating a multiple regression model (least squares 
technique) based on dimensions from teeth that were available. 
All three root dimensions for 10 central and 8 lateral maxillary 
incisors were estimated in this manner. Thus 18 additional individu­
als were incorporated in the sample raising the total number of 
observations in the data set to 90: 44 males and 46 females. 
46 
Estimation Procedure 
Multi ple regression models were fitted to each set of values 
utilizing a series of options offered from the SAS package (SAS 
Institute 1982). Initially an exploratory analysis was performed 
aimed at producing a "best model solution" using the variable selection 
options offered with the Stepwise Procedure. Crown and root dimen­
sions of the maxillary canine and relevant incisor were entered 
as independent variables in each of the nine models calculated. 
In some instances two regression equations were needed for the same 
dependent variable due to inconsistencies in the presence of 
independent variables. The sample from which the regression coefficients 
were obtained consisted of 87 total individuals. However, observa-
tions exhibiting missing values for respective predictor variables 
were excluded. Regression models generated from the Proc Stepwise 
procedure were then further analyzed using the General Linear Model 
procedure and each was evaluated on the basis of R2 values and plots 
of the residuals. Predicted values for the missing measurements 
were then obtained using the parameters option in Proc GLM. 
Appendix I includes the regression equations employed and the relevant 
statistics for each model. 
Definition of Facial Measurements 
All root measurements used in the dento-facial analysis are 
identical to those discussed and defined previously. Each individual 
is represented by three variables from each anterior tooth (root 
length, mesiodistal, buccolingual). Of the 13 palato-facial variables 
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employed in the present analysis, 6 were radii recorded as the per­
pendicular to the transmeatal axis from selected points on the face 
and alveolus. Four of the measurements are defined by Howells (1973). 
The two additional measurements, canine and infraorbitale radius, 
were incorporated as further measures of alveolar and mid-facial 
proganthism, respectively . All of the radii are intended to reflect 
the extent of forward protrusion of the upper facial region from 
nasion to prosthion and along the lateral margin of the alveolus . 
Three variables indicative of overall palate size and depth were 
included in order to evaluate the association between root dimensions 
and their immediate structural environment, i. e . ,  the supporting 
alveolar bone encasing the tooth roots . In addition, upper facial 
height and alveolar height were incorporated as reflections of vertical 
facial displacement in an effort to specifically examine the correla­
tion . with anterior root lengths. Finally, nasal breadth and bicanine 
breadth were added as measures of lateral expansion of the mid-face 
in the immediate area of the anterior teeth. The facial dimensions 
used in this analysis were recorded as defined by Bass (1971). 
Table 1 presents a listing of all the dental and facial variables 
and a clarification of the variable codes. Definitions of the measure­
ments are also included. 
Statistical Procedures 
This particular phase of the investigation was designed to 
ascertain the extent of interaction between the root dimensions 
of the anterior teeth and specific variables chosen to reflect facial 
Table 1 .  Illustration of Variable Names, Codes, and Definitions . 
Variable Name Code 
Facial Dimensions 
1 .  Upper Facial UFH 
Height 
2 .  Alveolar Height ALVH 
3 .  Bicanine Breadth BICBR 
4. Palatal Breadth PB 
5. Palatal Length PL 
6. Palatal Depth PD 
7 .  Nasal Breadth NB 
Radii 
rsubspinale SSR 
2 .  Prosthion PRR 
3. Ml Alveolar MlR 
4. Nasion NAR 
5 .  Infraorbitale .IOR 
6 .  Canine CAR 
Root Dimensions 
Definition 
nasion to alveolare 
nasospinale to alveolare 
maximum .diameter between the 
canines at the midpoint of the 
alveolus 
maximum diameter of the palate at 
Ml-M2 {interproximal) 
orale to staphylion 
maximum depth of the palate at 
Ml-M2 {interproximal) 
a 1 a re to a 1 a re 
the perpendicular to the trans­
meatal axis from subspinale 
the perpendicular to the trans­
meatal axis from prosthion 
the perpendicular to the trans­
meatal axis from the midpoint 
of left Ml 
the perpendicular to the trans­
meatal axis  from nasion 
the perpendicular to the trans­
meatal axis from a point in­
ferior to the infraorbital 
foramen 
the perpendicular to the trans­
·meatal axis from the midpoint 
of the left canine alveolus 
1 .  Root Length 
2 .  Mesiodistal 
3 .  Buccolingual 
RTLI1- RTLC cementa-enamel junction to apex 
RMDI1- RMDC maximum diameter mesiodistally 
RBLI1- RBLC maximum diameter buccolingually 
Crown Dimensions 
1 .  Mesiodi sta 1 
2 .  Buccolingual 
CMDI1-CMDC maximum diameter between contact 
points 
CBLI1-CBLC maximum breadth perpendicular 
to mesiodistal diameter 
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forwardness, palate size, and alveolar height. In order to achieve 
this objective a series of multivariate techniques similar to those 
used in the analysis of root-crown association in the modern sample 
were applied. In an effort to initially explore the patterning 
among the variables factor analysi� was selected as the desirable 
method. It was primarily implemented as a data reduction device 
with the advantage of providing insight into the internal structure 
between the dimensions under investigation. Capitalizing upon the 
expanded number of individuals available from the modern group, 
males and females were examined separately enabling variability 
attributable to sexual dimorphism to be evaluated. As noted earlier, 
sample size in each data set was relatively equal, 44 males and 
46 females. 
For each group the sex specific correlation matrix of the 
22 dento-facial variables was subjected to an initial variance maxi­
mizing rotation via Proc Princomp (SAS Institute 1982). Resulting 
eigenvectors were then subjected to a second rotation (Varimax) 
based on the mineigen=l.O  criteria using Proc Factor. Before rota­
tion was performed the initial principal components solutions were 
examined, however in most instances adequate separation of the variable 
loadings on the respective components was not achieved. Subsequent 
rotation served to further delineate the loadings and redistribute 
the variance providing sharper distinctions between the resulting 
factors. 
A canonical correlation analysis was also performed individu­
ally on the male and female samples. The root and palato-facial 
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dimensions were represented as distinct vectors, and the association 
between the two sets of variables was evaluated via Proc Cancorr 
(SAS Institute 1982). Canonical variables from each set were computed, 
and the hypothesis that correlations between the canonical variables 
equals zero was tested . Nine variables are represented on the root 
vector and 13 dimensions comprise the palato-facial vector. The 
level of significance selected for rejecting the null hypothesis 
was . 01 .  Canonical weights were also examined in order to explore 
the paterning of variation on the significant correlations which 
resulted. 
CHAPTER V 
RESULTS OF THE ROOT-CROWN ANALYS IS 
Introduction 
The present section of this report focuses on the relationship 
between the crown and root within individual anterior teeth in an 
attempt to identify the nature of association and the presence of 
integration between the structural components. By so doing it is 
intended to reveal the strength of root-crown correlations and the 
applicability of root dimensions to the problem of anterior dental 
reduction in human groups. Thus the primary objective of the follow­
ing series of analyses is to obtain a fundamental grasp �f the magni­
tude of intra-tooth associations in both · the Neandertal and Arikara 
samples. By generating comparisons between these groups, an endeavor 
is made to delineate existing differences with regard to the patterns 
noted and to discover if the individual structures of the anterior 
teeth which coexist as a single functional unit are structurally 
distinct entities or if some degree of size integration is apparent. 
Intuitiv€ly, one would expect a functional dependence between the 
size of the tooth crown, masticatory demands placed on the crown, 
and root size. Si�ce the root serves as the structural support 
for the crown and since occlusal force is exerted on the crown and 
transmitted through the root and periodontal membrane into the 
alveolus, a positive correlation is anticipated between corresponding 
root and crown diameters. Certainly differences in root form among 
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teeth of diverse function exist within an individual (Kloehn 1938; 
Selmer-Olsen 1949a, 1949b; Kovacs 1967, 1971), but no data are avail­
able in human groups documenting changes in absolute or relative 
dimensions of the· root through time as the function of an individual 
tooth changes. These changes may be manifested as dietary shifts 
facilitating modifications in masticatory structure and function 
(Molnar 1971; Smith 1972; Hinton et al. 1980; Smith et al. 
1980; Hinton 1981) or cultural/behavioral differences related to 
non-masticatory functions of the anterior teeth (Brace 1967; Brace 
and Mahler 1971; Wolpoff 1971; Brose and Wolpoff 1971; Smith 1976, 1983). 
The structural relationship between the root and crown has 
not been addressed or quantitatively verified in human groups and 
thus it is not known if large crowned teeth exhibit correspondingly 
large root dimensions (mesiodistal, buccolingual) or which teeth 
display the strongest correlation between root length and crown 
size. The following series of analyses examines the nature of these 
associations in both the archaic sapiens (Neandertals) and modern 
humans (Arikara) as an initial step directed towards describing 
observed patterns of intra and inter-tooth variation and comparing 
the similarity of correlations between these groups. Since the 
composition of the samples and the series of procedures employed 
in this phase of the investigation have already been outlined in 
the preceding chapter, attention is now focused on the specific 
results obtained during the course of analysis. 
* 
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Absolute Tooth Size 
The absolute toth size comparisons between the two populations 
are presented in Table 2. In all instances the maximum root and 
crown dimensions are exhibited by the Krapina Neandertals. Although 
many of the individual values fall within the modern range of varia­
tion, consi itently larger tooth dimensions characterize the archaic 
group. Equality of variance was tested between the samples for 
each dimension and in all cases no significant differences were 
noted. The results of the T-Tests based on the assumption of equal 
variance co�firm the contention� by Rossmann (1971) and F. Smith (1976) 
that statistically significant differences do exist between archaic 
and modern humans not only for root lengths but root diameters as 
well. Table 3 contains the T-statistic and degrees of freedom for 
each root �nd crown comparison. 
Intra-Tooth Comparisons 
The attempt to isolate relative difference among the Neandertals 
and modern humans regarding the association between specific root 
and crown dimensions proved to be moderately successful. As the 
simple linear and multiple regression results indicate (Table 4), 
the models fitted to the values of the Arikara tended to exhibit 
greater statistical significance, however this is probably more 
a consequence of sample size than biological reality. Nevertheless, 
several interesting patterns are noted between the two groups and 
the overall impression is one of relative similarity between 
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Table 2. Mean, Standard Deviation, and Class Interval for All 
Maxillary Anterior Tooth Dimensions. 
Kra�ina Larson 
Variable X s Range X s Range 
Root Length 
1 1 20. 22 1 . 04 18. 6-22. 0 13. 36 1 . 82 5. 2-18. 6 
12 19. 74 1. 46 17. 5-22. 0 13. 77 1.  49 10. 9-18. 5 
c- 23. 28 1. 66 20. 6-26. 2 17. 97 1.  97 9. 6-·21. 6 
Root Mesiodistal 
1 1 7 . 58 0. 81 6. 7-9. 0  5. 85 0. 56 4. 0-7. 2 
12 6. 26 0. 68 5. 0-7. 5 4. 76  0. 46 3. 9-6. 0 
c- 6. 60 0. 69 5. 6-7. 5 5. 54 0. 49 4. 6- 7. 2 
Root Buccolingual 
1 1 7 . 96 0. 59 7 . 3-8. 8 6. 36 0. 40 5. 5-7. 6 
12 8. 39 0. 59 7. 4-9. 2 5. 83 0. 54 4. 4-8. 8 
c- 10. 12 0 . 85 8. 7-11. 5 7. 84 0. 58 6. 7-9. 4  
Crown Mesiodistal 
1 1 10. 28 0. 53 9. 6-11. 1 8. 49 0. 57 1.  o-·9. 5 
12 8. 47 0. 49 7. 4-9. 2  7 . 11 0. 53 5. 8-8. 3 
c- 9. 21 0. 54 8. 2-10. 0 8. 16 0. 46 7. 2-9. 7 
Crown Buccolingual 
1 1 8. 99 0. 54 8. 3-9. 7 7. 37 0. 43 6. 2-8. 3 
12 8. 76 0. 59 7. 7-9. 9  6. 62 0. 55 5. 1-9. 3 
c- 10 . 40 0 . 59 9 .  5- 1 1 .  4 8 . 54 0 . 47 7 . 6-9 . 9  
Table 3. T-Test Results Between the Anterior Tooth Dimensions 
of the Archaic and Modern H. sapiens Samples. 
Variable T Statistic 
Central Incisor 
Root Length 11 . 07* 
Root M-D 8. 67* 
Root B-L 11 . 15* 
Crown M-D 8.  74* 
Crown B-L 10 . 24* 
Lateral Incisor 
Root Length 14 . 09* 
Root M-D 10 . 77* 
Root B-L 16 . 40* 
Crown M-D 8. 72* 
Crown B-L 13 . 07* 
Canine 
Root Length 9. 30* 
Root M-D 7 . 10* 
Root B-L 12 . 56* 
Crown M-D 7 . 53* 
Crown B-L 12 . 50* 
*P< . 0001 . 
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DF 
112. 0 
112 . 0 
112. 0 
57 . 0 
66 . 0  
117  . 0  
117 . 0 
117 . 0 
64 . 0  
74 .  0 
115 . 0 
116 . 0 
116 .  0 
7 4 . 0 
76 . 0 
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Table · 4 .  Degrees of Freedom, R2 Values, and F Statistics for Each 
of the Regression Models Fitted to the Values of the 
Dental Dimensions . 
Kra12i na Larson 
Error Error 
Model OF R2 F OF R2 F 
Root Length = bo + bl  ( Root M-0) 
+ b2 (Root B-L) 
1 1 6 . 054 . 17 102 . 018 . 96 
12 11 . 482 5 . 14* 102 . 350 27 . 50*** 
c- 10 . 360 2 . 83 102 . 182 1 1 . 29*** 
Root Length = bo + bl  ( Crown M-0) 
+ b2 (Crown B-L) 
1 1 6 . 229 . 90 47 . 007 . 19 
12 11  . 176 1 . 18 49 . 1 19 3 . 32* 
c- 10 . 205 1 . 29 58 . 072 2 . 27 
Root M-0 = bo + bl  (Crown M-0) 
1 1 7 . 673 14 . 46** 48 . 404 32 . 58*** 
12 12 . 183 2 . 69 50 . 203 12 . 80** 
c- 11  . 002 . 03 6 1  . 438 47 . 58*** 
Root B-L = bo + bl  ( Crown B-L) 
1 1 7 . 779 24 . 73** 57 . 535 65 . 73*** 
12 12 . 624 19 . 99** 60 . 669 121 .  30*** 
c- 11 . 829 53 . 62*** 63 . 676 131 . 98*** 
*P< . 05 
**P< .0 1  
***P< . 0001 
57 
corresponding tooth diameters but somewhat more divergence regarding 
the associations with root length. Values of the slopes for each 
model, as well as the F-tests for homogeneity of slopes, are pre­
sented in Table 5. Although all four regression models fitted to 
the values of the canine dimensions are significantly different 
. at the . 05 level, no such differences were noted between the groups 
concerning the models fitted to the dimensions of the central incisors. 
Interestingly, the buccolingual dimensions of the root demonstrate 
consistently larger slopes for all three anterior teeth in both 
groups, and these models are significant as measured by the values 
of the R2 and F statistics. Thus a strong positive relationship 
exists between the breadth of the crown and root. Mesiodistal intra­
tooth associations also show correspondence, but only one model 
in the Neandertal sample is statistically significant. No obvious 
pattern is evident between the groups aside from the tendency within 
the moderns to exhibit greater mesiodistal and buccolingual slopes 
for the canine and the absence of association between the mesiodistal 
root and crown diameters in the Neandertal canines. 
Based on the results of the multiple regression models employed, 
it is generally seen that values of the root length exhibit strong 
correlation with either the mesiodistal or buccolingual diameters 
of the root and to a lesser extent with the dimensions of the crown 
(Table 5). Relative differences between the groups are most pronounced 
in the lateral incisor although relationships identified in the 
canines are also divergent. In both instances test for equality 
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Tab l e 5. Sl opes for Each Regress i on Mode l and F Stat i sti cs  for 
the Test  of Equa l i ty of Sl opes Between the Archa i c  and 
Modern Samp l es . 
Mode l 
Root Length = bo + b l  ( Root M-D )  
+ b2 ( Root B- L )  
1 1 
12 
c-
Root Length = bo + bl ( Crown M-D )  
+ b2 ( Crown B-L )  
1 1 
12 
c-
Root M-D = bo + bl ( Crown M-D )  
1 1 
12 
c-
Root B- L = bo + bl ( Crown B- L )  
1 1 
*P< . 05 
**P< . 01 
***P< . 001 
12 
c-
Krapi na  
b l  b2 
Equa l i ty 
of 
Larson S l opes 
b l  b2 F 
0 . 405 -0 . 421 0 . 024 0 . 612 0 . 48 
1 . 664 -1 . 300 0 . 173 1 . 582 17 . 88*** 
1 . 380 0 . 254 0 . 239 1 . 353 3 . 57* 
-1 . 392 1 . 627 -0 . 252 -0 . 091 0 . 60 
0 . 180 -1 . 034 -0 . 077 1 . 152 6 . 43** 
-1 . 507 0 . 237 0 . 748 0 . 602 4 . 51* 
1 . 258 
0 . 588 
0 . 068 
0 . 972 
0 . 798 
1 . 3 1 1  
0 . 694 
0 . 444 
0 . 718 
0 . 686 
0 . 840 
o .  955 . 
2 . 59 
0 . 21 
5. 83* 
2 . 01 
0 . 06 
3 . 95* 
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of slopes indicate significant dissimilarity . In the lateral incisor 
the differences are primarily manifested as positive slopes with 
the buccolingual diameter in the Arikara and negative slopes with 
the same diameter in the Neandertals . This pattern characterizes 
the relationship between root length and both the root and crown 
diameters : Moreover, root length in the Neandertals exhibits a 
strong positive association with the corresponding mesiodistal dimen­
sion of the tooth root . Therefore in the Neandertal sample, as 
root breadth of the lateral incisor incr�ases, the length of the 
root declines, but mesiodistal root expansion of the same tooth 
is accompanied by greater root length. Conversely, in the modern 
sample an increase in root breadth of the lateral incisor is associ­
ated with a simultaneous elongation of the root but minimal enlarge­
ment of the corresponding mesiodistal dimension . 
The models fitted to the values of root length and root 
diameters in the canines· display differences between the groups 
similar to those noted for the lateral incisor . A strong positive 
relationship exists between root length and breadth in the Arikara 
and an equally strong relationship is apparent between the mesiodistal 
root diameter and length in the Neandertals . Unlike the lateral 
incisor, the crown length and breadth diameters in the canine do 
not mirror the patterns of association observed in the root diameters . 
In sum, the results of the regression analyses suggest a 
positive relationship in both groups between corresponding root 
and crown diameters within individual teeth . Furthermore, root 
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length appears to be selectively integrated with dimensions of the 
root and crown, and in these models the Neandertals and moderns 
are judged to be most distinct . None of the models fitted to the 
values of the central incisor are significantly different between 
the two samples, but all of the models applied to the canine do 
demonstrate divergence at the . 05 level of significance . 
Multivariate Analysis of the Arikara Dental Dimensions 
This particular section of the investigation involved the 
application of factor analysis and canonical correlation analysis 
to explore the intra and inter-tooth variability within the modern 
group . The rotated factor solution resulting from the analysis 
of anterior root and crown dimensions is presented in Table 6 .  
Four factors were extracted from the pooled sex within-group correla­
tion matrix representing approximately 77 . 8% of the total variance . 
As Table 6 illustrates, the variance attributed to each factor was 
relatively uniform . Variable loading patterns were sufficiently 
distinct permitting interpretations of each factor to be forwarded . 
These factors were identified as follows: 
Mesiodistal Diameters (I):  The root and crown mesiodistal 
dimensions of the canine exhibited the strongest correlation with 
this factor, however the overall pattern is indicative of integration 
among the mesiodistal diameters of all the anterior teeth . The 
root dimensions demonstrate the highest loadings with moderate to 
high loadings for the crown diameters . Moreover, a decreasing 
Tabl e 6. Rotated Factor Load i ngs and Vari ance Expl a i ned by Each 
Factor i n  the Ari kara Root-Crown Ana l ys i s ( n=42) .  
Factor Factor Factor Factor 
Vari abl e I I I  I I I  I V  
RTL i l  0. 10566 -0. 09369 0. 86790 0. 02441 
RBL i l  0. 12890 0. 90139 0. 04781 -0. 00883 
RMD i l 0. 67767 0. 38134 -0. 207 51 0. 31954 
CBL i l  0. 30740 0. 79883 -0. 07637 0. 29603 
CMD i l 0. 41893 0. 47020 -0. 25814 0. 40172 
RTL I2 -0. 04862 0. 13251 0. 82350 0. 25030 
RBLI2 -0. 22809 0. 3267 5 0. 55538 0. 56227 
RMD I2  0. 72534 0. 30567 0. 03532 0. 16785 
CBL I2  0. 03828 0. 11871  0. 20769 0. 90463 
CMDI2  0. 34279 -0. 07614 0. 00369 0. 83093 
RTLC 0. 2091 5 0. 05514 0. 89254 -0. 02822 
RBLC 0. 35059 0. 69138 0. 48418 -0. 1 5436 
RMDC 0. 86210 0. 1 5444 0. 1 5483 -0. 017 52 
CBLC 0. 43808 0. 70338 0. 15662 0. 04385 
CMDC 0. 82962 0 ;21128 0. 20509 0. 07097 
Vari ance 3. 246545 3. 107847 3. 023685 2. 299459 
Percentage 21. 64 20. 72 20. 16 1 5. 33 
Cumu l ati ve 21. 62 42. 36 62. 52 77 . 85 
Percentage 
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anterior-posterior gradient is evident in the patterning of the 
mesiodistal root measurements (11- . 67), (12- . 72), (c-- . 82) . 
Central Incisor and Canine Breadth (II): Unlike the previous 
factor which displayed intercorrelation between corresponding mesio­
distal diameters of the anterior teeth, the pattern of loadings 
on the second factor .suggest a contrast between the breadth of the 
lateral incisor and the other 2 teeth . The highest weights are 
observed on the root and crown breadth dimensions of the central 
incisor ( . 90), and ( . 79), respectively . Correlation with the breadth 
dimensions of the canine is also pronounced on this factor . 
Root Length (III): The anterior root lengths exhibit the 
greatest association with this factor accompanied by moderate cor­
relation of the buccolingual root diameters of the lateral incisor 
and canine . Although the central incisor displays a high loading 
for root length, a minor contrast is noted with the other teeth 
as witnessed in the low negative weights for both mesiodistal dimen­
sions and the absence of correlation for root breadth . 
Lateral Incisor Crown Size (IV): Interestingly, the mesio­
distal and buccolingual crown diameters of the lateral incisor offer 
the largest contribution to this factor .  Although a visible contrast 
is evident between the incisor and canine, the variance explained 
on this factor primarily relates to an underlying effect upon the 
lateral incisor as evidenced in the moderate to high correlation 
of all its measurements except the mesiodistal root diameter .  
The integration of corresponding root and crown dimensions 
is also demonstrated by the results of the canonical correlation 
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analysis, however some minor inconsistencies were noted. Table 7 
contains the correlation coefficients, proportion of variance, and 
F-statistics for correlations between the canonical variables of 
the root and crown measurements. The standardized canonical co­
efficients and the within-group correl ations for each set of di­
mensions are presented in Tables 8 and 9, respectively. As evident 
in Table 7, four significant canonical correlations were generated 
from the pooled sex within-group root and crown correlation matrices. 
The first canonical variable for the crown dimensions empha­
sizes central incisor and canine crown breadth accompanied by a 
similar pattern for root breadth on the first canonical variable 
for the root dimensions. On both canonical variables the bucco­
lingual dimension of the lateral incisor exhibits a moderately 
negative weight. Thus the first canonical correlation maximizes 
the relationship between canine and central incisor breadth while 
suppressing the contribution of the lateral incisor on both canonical 
variables. 
The second canonical correlation measures the strong associa­
tion between the mesiodistal root and crown dimensions of the central 
incisor. In addition, moderately  negative weights are noted for 
both mesiodistal diameters of the canine and lateral incisor . In 
general individuals exhibiting large mesiodistal diameters of the 
central incisor tend to possess reduced mesiodistal dimensions for 
the canine and lateral incisor. 
On the third canonical correlation a further contrast is 
represented between the central incisor and the other two teeth. 
Table 7. Results of the Canonical Correlation Analysis of 
the Arikara Sample. 
Canonical Variance Canonical 
Correlation Ratio R2 F Statistic 
1. 0. 93188 6. 5990 0. 8684 4. 8220** 
2. 0. 80071 1. 7866 0. 6411 3. 4979** 
3. 0. 79274 1. 6914 0. 6284 3. 2836** 
4. 0. 72442 1. 1044 0. 5247 2. 6660* 
5. 0. 56544 0. 4700 0 . 3917 1. 8328 
6. 0 . 35254 0. 1419 0. 1242 1. 1354 
Trace = 11. 79328 
*P<. 01. 
**P< . 0001. 
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Table 8. Standardized Canonical Coefficients for the Arikara 
Root and Crown Dimensions. 
Can Can Can Can 
Variable 1 2 3 4 
Crown 
CMDI1 -0. 1397 0. 9164 -0. 3488 -0. 2456 
CBL I1 0. 6216 -0. 1030 -0. 5893 0. 8535 
CMDI2 0.0410 -0. 4393 0.0306 0. 2737 
CBL l2 -0. 6720 0. 6975 0. 685 1  0.0636 
CMDc· 0. 1653 -0. 7644 0. 3914 0. 8399 
CBLC 0. 4607 0. 3542 0. 7131  - 1. 1080 
Root 
RTL i l  -0. 2958 -0. 3679 0. 2871 -0. 2481 
RMDI1  -0. 0746 1. 0385 0.0449 0. 3946 
RBL l l 0. 4582 0.0601 -0. 8838 0. 5376 
RTLI2 0. 1771 0. 1708 0.0827 0. 2437 
RMDI2 0. 0693 -0. 5135 0. 1808 0. 1786 
RBL I2 -0. 6·014 0. 4438 0. 6240 -0. 0603 
RTLC 0. 0629 -0.0430 -0. 5389 0. 8233 
RMDC 0.0965 -0. 6423 0. 2952 0. 416 1  
RBLC 0. 6173 0. 2610 0. 8159 - 1. 3028 
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Tabl e 9. 
RTL i l 
RMC i l 
RBL I J 
RTL I2 
RMD I2  
RBL I2 
RTLC 
RMDC 
RBLC 
CMD i l 
CBL i l 
CMD I2 
CBL I2 
CMDC 
CBLC 
Poo l ed Sex Wi th i n-Group Corre l ati ons  for the Fi fteen Ari kara Root and Crown Di mens i ons .  
Interd imens i ona l Corre l ati ons 
Root Di men s i ons 
RTU T . RMDU RBL i l RTLI2  RMD12 RBLI2 RTLC RMDC 
1. 0000 
- . 0305 1. 0000 
0. 0443 0. 4675 1. 0000 
0. 6368 -. 1110 0. 1645 1. 0000 
- . 0513 0. 6290 0. 3809 0. 0997 1. 0000 
0. 3777 0. 0778 0. 3216 0. 5949 0. 1742 1. 0000 
0. 7835 - . 0167 0. 0738 0. 6832 0. 1701 0. 3693 1. 0000 
0. 1760 0. 6234 0. 3117 0. 0938 0. 6771  0. 0312 0. 2562 1. 0000 
0. 3415 0. 3203 0. 6169 0. 3475 0. 4700 0. 3429 0. 5521 0. 4686 
Crown Di mens i ons 
CMD1 1 CBLi l CMD 12 CBLI2 . CMDC CBLC 
1. 0000 
0. 6975 1. 0000 
0. 4252 0. 2697 1. 0000 
0. 2880 0. 3739 0. 6865 1. 0000 
0. 5247 0. 4421 0. 3056 0. 1632 1. 0000 
0. 3977 0. 6477 0. 2235 0. 2220 0. 5549 1. 0000 
RBLC 
1. 0000 
CJ'\ °' 
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In this instance larger buccolingual diameters of the canine and 
lateral incisor are associated with reduced breadth dimensions of 
the central incisor. This pattern is consistent for the canonical 
variables of the root and crown measurements. 
The fourth canonical variable for the crown dimensions exhibits 
high positive weights for the buccolingual dimension of the central 
incisor and the mesiodistal dimension of the canine with seemingly 
little contribution from the lateral incisor. A large negative 
coefficient is also evident for canine breadth. Significant weights 
on the canonical variable for root dimensions include a high negative 
value for canine breadth, a high positive loading for root · 1 ength 
of the canine, and a moderate weight for the buccolingual dimension 
of the central incisor. This pattern appears to illustrate a negative 
association between the overall breadth of the central incisor and 
the canine and an intra-tooth contrast between the mesiodistal and 
buccolingual dimensions of the canine. 
Based on the results of the canonical redundancy analysis, 
in each canonical correlation the standardized variance of the root 
and crown dimensions explained by the opposite canonical variable 
was observed to be minimal (Table 10). Although neither of the 
canonical variabl�s is a good overall predictor of its counterpart ; 
it is generally true that the canonical variables of the root dimen­
sions account for more of the variance in the crowns than vice versa. 
Sun1T1ary of Results 
It is most evident that based on the results of the descriptive 
statistics calculated for each sample and the T-Tests employed to 
Table 10. Standardized Variance of the Arikara Dental Dimensions 
Explained by the Opposite Canonical Variables. 
Root Crown 
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Dimensions Dimensions 
Cumulative Cumulative 
Proportion Proportion Proportion Proportion 
Can 1 0. 1669 0. 1669 0. 2260 0. 2260 
Can 2 0. 0557 0. 2226 0.1260 0. 3520 
Can 3 0. 1263 0. 3488 0. 1194 0. 4714 
Can 4 0. 0594 0. 4083 0. 0975 0. 5689 
evalute absolute tooth size differences, the Neandertals and modern 
humans as represented by Plains Indian Arikara are two morphologically 
distinct populations. In this regard then substantiation is offered 
for the individual contentions forwarded by Rossmann (1971) that 
absolute root length differences exist betw�en Krapina Neandertals 
and modern whites and by Smith (1976,1983) that absolute mesiodistal 
and buccolingual root diameters are significantly larger in archaic 
!!· sapiens. No legitimate objections can be raised against these 
concl usions. The focus is now turned toward the question of rel ative 
divergence among these groups concerning intra-tooth rel ationships 
between the size of the root and crown in the maxill ary anterior 
teeth. 
The findings derived from the series of regression models 
fitted to the dental measurements of the respective groups does 
· provide some insight into the existence of relative differences. 
Upon reviewing the regression coefficients obtained in the simple 
( 
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linear regression models, it is apparent a positive association 
between individual structures of the teeth characterize both groups. 
The breadth diameters of the root and crown exhibit relatively 
uniform correlation with one another accompanied by a similar 
pattern of mesiodistal intercorrelation except for the canine teeth 
of the neandertal sample. As the tests for equality of slopes indi­
cate, the most pronounced dissimilarity is observed in the relation­
ships between root length and corresponding tooth diameters of the 
lateral incisor and canine. Essentially the pattern which emerges 
suggests disparity in the direction of root diameter expansion. 
In the archaic .t!· sapiens sample a strong positive relationship 
exists between the mesiodistal dimension and root length. On the 
other hand, within the modern group, buccolingual enlargement and 
root elongation occur. Although the situation is not as straight­
forward with the crown diameters, in the lateral incisor a parallel 
is noted for both populations in the strength of association with 
root length. However, the Neandertals are seen to demonstrate negative 
relationships between root length and the mesiodistal crown diameter. 
This may simply reflect increased levels of interproximal attrition 
within the Neandertal sample because it is also the canine mesio­
distal crown diameter which reveals the weakest correlation with 
its corresponding root diameter. Finally, no significant differences 
were noted between the regression models fitted to the values of 
the central incisors. 
Direct comparison between the groups was not possible via 
multivariate techniques, however the patterns resulting from the 
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analysis of · the modern dental sample basically support intra-tooth 
associations identified in the regression models. Moreover, the 
simultaneous consideration of all root and crown measurements in 
the Arikara enabled inter-tooth relationships to be explored. This 
ability permitted further discrimination of underlying variability 
applicable to the problem at hand. It is recognized however that 
inferences made regarding the Neandertal dental associations based 
on these results are confounded by several variables which remain 
beyond inmediate control . These were previously touched upon in 
Chapter III � 
Realizing that each of the two multivariate methods utilized 
in this study are founded upon different analytical objectives, 
it was not surprising that some discordance in the delineation of 
patterning among variables is evident. Principal components and 
factor analysis are primarily oriented toward elucidating the structure 
of internal variation, while canonical correlation seeks to maximize 
the relationship between two sets of variables. Regardless, it 
does seem possible to reconcile the results of both techniques into 
a coherent framework which explains the patterns of variation 
identified between the root and crown dimensions of the maxillary 
incisors and canine. 
Judging from the specific findings obtained in these analyses, 
it is concluded that the intercorrelation between corresponding 
diameters within an individual tooth is stronger than that among 
the teeth as a group. Although some patterns of association between 
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the same dimensions of different teeth occur, invariably the root · 
and crown diameters on an individual tooth demonstrate close cor­
respondence. This is particularly true of the buccolingual 
diameters as seen in the slopes obtained in the regression analysis 
and the results of the multivariate inquiries. For example, generally 
when a contrast between adjacent teeth was· evident on .a factor or 
canonical variable, the root and crown dimensions of the divergent 
teeth varied in a similar direction. The second factor and the 
first canonical variables for the root and crown measurements illus­
trate this point as observed in the tendency for lateral incisor 
breadth to differ from the other teeth. The canine and central 
incisor also exhibit a similar trerid toward concordance between 
identical diameters within individual teeth. In sum, integration 
between corresponding diameters of the anterior teeth is observed , 
but a noticeable tendency toward structural independence of each 
tooth typifies the results of each set of analyses. 
Finally, the patterns of root length variation uncovered 
in the multivariate studies deserve consideration before attention 
is directed to the second phase of this investigation. Simply stated , 
it is apparent the length of the anterior tooth roots are closely 
correlated with one another , but minimal association is visible 
with corresponding root or crown diameters. This trend was most 
evident on the third factor extracted from the pooled sex within­
group correlation matrix revealing consistently high loadings for 
all three anterior root lengths, compared to the negligible contribu­
tion of root lengths seen on the other three factors. Furthermore , 
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the four significant canonical correlations. failed to demonstrate 
any systematic patterning between root length and crown dimensions 
with the major proportion of variance attributable to intra and 
inter-tooth diameter associations. 
Although it may seem contradictory that the regression models 
succeeded in isolating varying degrees of correlation between root 
length and corresponding diameters within individual teeth, it is 
apparent that when all the dental dimensions are considered simul­
taneously intra-tooth associations with root length become somewhat 
obscured but not totally eliminated. In regard to this observation 
two points merit restating. First, the multiple regression models 
fitted to the values of the central incisor failed to generate a 
significant relationship between root length and corresponding tooth 
diameters. Secondly, even though the root length factor is char­
acterized by high weights for these variables, the root breadth 
measurements of the lateral incisor and canine do exhibit moderate 
correlation with this factor . Thus congruence between the univariate 
and multivariate resu1 ts is quite evident although independence 
of the root lengths from associated tooth diameters is emphasized 
in the latter. Additional interpretations of the dental patterning 
will be made . in the final section following the presentation of 
the results derived from the exploration of root size-facial size 
integration in Chapter VI.  
CHAPTER VI 
RESULTS OF THE DENTO-FACIAL ANALYSIS 
Introduction 
Now possessing a bas�c understanding of the absolute tooth 
size differences and relative degrees of intercorrelation between 
the individual structures of the anterior teeth which distinguish 
archaic and modern humans, implementation of the second major research 
objective is discussed. The primary goal at this stage in the analysis 
involves investigating the integration between maxillary root dimen­
sions and several variables chosen to reflect facial protrusion, 
palate size, and alveolar height in a fully modern Amerindian popula­
tion. By focusing on a homogeneous group of individuals for purposes 
of comparison, an attempt is made to ·explore the internal relation­
ships among these variables and define the extent of interaction 
between anterior root size and facial morphology. As outlined in 
Chapter I, in this manner it is proposed to evaluate the propositions 
offered by Smith ( 1976, 1983) that a significant relationship should 
exist between vertical facial expansion and maxillary anterior root 
lengths in Neandertals. It was also suggested that increased labio­
lingual root diameters of the anterior teeth may have been a contribut­
ing factor in the maintenance of subnasal (alveolar) prognathism 
typical of archaic Ji. sapiens. The findings presented in the following 
pages are directed specifically toward answering these questions. 
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During the review of previous research addressing the relation­
ship between facial protrusion and root length, a positive correlation 
was shown to exist for these dimensions in several non-human mammalian 
species (Riesenfeld 1970b; Riesenfeld and Siegel 1970; Siegel 1972). 
Moreover, results of these comparative and experimental studies 
seem to suggest that root size (length) is closely linked with 
developmental processes impacting upon facial size and morphology. 
This was in part demonstrated by the tendency for irregular root 
maturation and root shortening to result as a consequence of artifi­
cially inhibiting normal facial growth. However as already discussed, 
little is known regarding the association between root size and 
gnathic dimensions in human populations. Although Selmer-Olsen 
(1949a) identified a significant correlation between maxillary anterior 
root length and upper facial height in the Norwegian Lapps, the 
relationship with other facial measurements was not examined. There- . 
fore the magnitude of intercorrelation between root and faci al measure­
ments as a means of delineating the contribution of the tooth root 
to particular dimensions of the irrmediate structural environment 
{i. e. , the palate and alveolus) has yet to be explored. If a strong 
relationship does exist between these variables, a basic set of 
expectations should be realized in the results of the following 
analyses. 
For instance, anterior root lengths should exhibit moderate 
to strong correlation with the facial dimensions running parallel 
to the mid-sagittal plane (upper facial height, alveolar height, 
75 
and to some extent palate depth) if structural interdependence char­
acterizes the relationship between these variables. This association 
should be manifested as a pattern of factor loadings indicating 
relatively similar correlation with a common factor. Or if, as 
suggested by Riesenfeld and Siegel {1970) in the non-human comparisons, 
a significant relationship between root length and facial forwardness 
exists, a factor is expected to emerge emphasizing the radii repre­
senting alveolar projection, palate length, and root elongation. 
Additionally, anterior root dimensions should exhibi� corresponding 
high canonical weights with the subnasal radii, based on the supposi­
tion that alveolar prognathism is augmented by a size contribution 
from the labio-lingual and mesiodistal diameters of the maxillary 
roots. On the other hand, if the integrity of the intra- and inter­
tooth associations identified in the previous series of analyses 
are maintained independent of the immediate structural environment, 
factors and canonical correlations are expected to distinguish between 
the root and facial dimensions. This would, of course, negate the 
hypothesis of significant integration. 
Factor Analysis Results 
Males 
The initial principal components solution of the 22 dental 
and facial dimensions yielded seven components retained for rotation, 
collectively accounting for approximately 76. 7% of the sex specific 
within-group variance {Table 11). Each factor exhibited sufficient 
Tabl e 11.  Rotated Factor Loadi ngs and Vari ance Expl a i ned by Each Factor i n  the Ari kara Ma l e  
Dento� Faci a l  Ana lys i s { n=44 ) .  
Factor Factor Factor Factor Factor Factor 
Vari abl e I I I  I I  I IV V VI 
UFH 0. 19082 0. 02268 0. 88240 -0. 09562 -0. 03053 0. 06205 
ALVHT 0. 18893 0. 25312 0. 85918 0. 00582 o .  07910 -0. 12232 
B I CBR 0. 24178 0. 06597 -0. 00085 0. 69962 0. 20555 -0. 00900 
NB 0. 01202 0. 13726 -0. 18578 0. 25892 -0. 14267 0. 78977 
PB -0. 05632 0. 00052 0. 00966 0. 02601 -0. 00941 0. 02005 
PD -0. 00762 0. 09683 0. 87481 0. 00145 . - 0. 16385 -0. 03400 
PL 0. 51663 0. 44480 0. 21186 0. 17700 -0. 20033 -0. 08357 
NAR 0. 39942 0. 26153 0. 06233 -0. 08245 0. 17504 0. 67382 
SRR 0. 87115 0. 29616 -0. 00011 -0. 00998 0. 13069 0. 01258 
PRR 0. 85779 0. 36283 0. 14684 0. 14770 0. 06831 0. 02737 
MIR 0 . 7 1569 -0. 28673 0.12399 0. 15485 -0. 23968 0. 03496 
I OR 0. 65912 0 . 02652 0. 12747 -0. 16109 0. 09274 0. 50393 
CAR 0. 87697 0. 29259 0. 10083 0. 14677 -0. 05028 0. 17112 
RTL i l  0. 22773 0. 80389 0. 13046 -0. 08915 0. 06942 0. 21050 
RMD i l  0. 07964 -0. 11409 -0. 11533 0. 45475 0. 64757 -0. 06680 
RBL i l -0. 07989 -0. 18841 0. 04452 0. 75596 0. 18859 0. 23655 
RTL I2 0. 21757 0. 71626 0. 16453 0. 18560 -0. 05271 0. 02069 
RMD I2  -0. 01954 0. 00583 -0. 21719 0. 27277 0. 79816 -0. 15582 
RBL 12 0. 00514 0. 58824 -0. 02097 0. 45226 0 . 11616 0. 08855 
RTLC 0. 23145 0. 80083 0. 15542 -0. 04173 0. 10570 0. 14152 
RMDC -0. 07124 0. 23333 0. 12053 0. 22973 0. 69978 0. 21937 
RBLC 0. 09577 0. 24416 -0  . 10432 0. 74358 0. 24091 -0. 02773 
Vari ance 3. 951469 3. 060533 2. 585387 2. 404914 1. 92978 1. 596756 
Percentage 17. 96 13. 91 11 .  75  10. 93 8. 77  7. 26 
Cumu l ati ve 17. 96 31 . 87 43. 62 54. 55 63. 32 70. 58 
Percentage 
Factor 
VII 
0. 02929 
-0. 09743 
0. 10996 
0. 13978 
0. 85632 
0. 04923 
-0. 23289 
-0. 14991 
0. 08033 
-0. 05275 
-0. 07776  
-0. 04646 
0. 01772 
0. 12047 
0. 17486 
-0. 23409 
-0. 34540 
-0. 24803 
-0. 31990 
0. 27447 
0. 06905 
0. 05866 
1. 33873 
6. 08 
76. 66 
....... °' 
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separation of loadings to allow the identification of conman elements. 
Simple structure was realized in that each of the variables loaded 
highly on only one factor. Below is a list of the factors and a 
description of the loading patterns. 
Facial Progntthism (I). The variables which loaded highly 
on this factor are primarily the four subnasal radii and palate 
length as a group reflecting the projection of the face along the 
mid-sagittal plane from nasion to prosthion and the degree of maxillary 
prognathism along the margin of the alveolus. The contribution 
of the root dimensions on this factor is minimal; however , all three 
anterior root lengths exhibit stronger correlation with the facial 
variables than corresponding root diameters. 
Root Length (II). This factor is characterized by high weights 
for all the anterior root lengths. The central incisor and canine 
demonstrate the strongest correlation among the root lengths accom­
panied by moderate loadings on palate length , the alveolar radii , 
and root breadth of the lateral incisor. However , an overall contrast 
between the root lengths and remaining dimensions is evident on 
thi s  factor. 
Facial Height (III). Upper facial height loaded highest 
on this factor (. 88) in conjunction with alveolar height and palate 
depth. All of these dimensions are defined as parallel to the longi­
tudinal axis of the face and were noted to be distinct from . either 
the other facial measurements or root dimensions. 
Buccolingual Root Diameter (IV). Although a general contrast 
is apparent between the root and facial dimensions , the buccolingual 
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diameters of the anterior teeth demonstrate the greatest correlation 
with this factor. Bicanine breadth also exhibits a significant 
loading (. 69) suggesting an underlying element related to the width 
of the anterior alveolus. Essentially larger buccolingual dimensions 
of the canines and mesiodistal dimensions of the incisors are seen 
to contribute to lateral expansion of the anterior palate. 
Mesiodistal Root Diameter (V). Typically this factor is 
defined by high weights for the mesiodistal root dimensions. Cor­
responding root variables contribute little; however, low positive 
loadings for bicanine breadth and the buccolingual dimension of 
the canine seem to marginally reflect the pattern of variation wit­
nessed on the previous factor. 
Mid-Facial Size (VI). The strongest association with this 
factor is the nasal breadth dimension (. 78), but the radii reflecting 
facial projection above the alveolus, i. e. , infraorbitale and nasion, 
also display a moderate correlation. Apparently forward projection 
of the upper facial region is somewhat independent of alveolar and 
subnasal prognathism. Of the six radii contributing to the facial 
prognathism factor, the infraorbitale and nasion radii exhibited 
the lowest correlation. 
Palate Breadth (V I I) .  A singularly high loading of palate 
breadth (. 85) characterizes this factor. Moderate negative loadings 
are also noted on all dimensions of the lateral incisor and buccolingual 
diameter of the central incisor, but their meaning on this factor 
is not clear. Thus in males palate breadth at Ml-M2 appears to 
be independent from the width of the alveolus in the front of the 
jaw. 
Females 
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The results of the factor analysis performed on the sex-specific 
correlation matrix of the female sample yielded a similar patterning 
of variables as identified in the males; however, some distinct 
differences were noted. For example, only six components were retained 
for rotation, and although these accounted for roughly the same 
proportion of variation (74. 6%), the distribution of variance among 
the factors and the patterns of · factor loadings displayed visible 
departure from the male sample (Table 12). Again simple structure 
was approximated wi t�in this data set. The resulting factors were 
named and interpreted as follows. 
Facial Prognathism (I). Unlike the males, all six radii 
exhibited strong correlation with this factor associated with a 
negligible contribution from the anterior root lengths. This probably 
reflects the tendency in females to display consistently shorter 
roots as evidenced in the distribution of short root anomaly dis­
cussed earlier. Therefore although the immediate periodontal structure 
may be sufficiently expanded to accommodate larger roots, the genetic 
predisposition toward absolutely shorter roots in females obscures 
the association between these dimensions. Nevertheless, the pattern­
i ng in the male sample does not reflect a particularly strong correla­
tion between root lengths �nd facial projection. 
Tabl e 12. Rotated Factor Loadi ngs and Vari ance Exp l a i ned by Each Factor i n  the Ari kara Fema l e 
Dento-Fac i a l Ana l ys i s (n=46 ) .  
Factor Factor Factor Factor Factor Factor 
Vari ab l e I II I I  I IV V VI 
UFH 0. 32949 0 . 01357 0. 15000 0. 83585 0. 05198 -0. 06954 
ALVHT 0. 08850 0. 28457 0. 11137 0. 86037 0. 06572 0. 02823 
B I CBR 0 . 04645 0. 05612 0. 20540 -0. 09475 0. 80197 0. 14355 
NB  0 . 20617 -0. 05706 -0. 11687 0. 33642 0. 60270 0. 41705 
PB 0 . 24292 0. 15626 0. 16799 - 0. 01004 0. 75889 -0. 10312 
PD 0. 17866 0. 27173 -0. 06376 0. 43588 -0. 09452 0. 36780 
PL 0. 43437 0. 19984 0. 13819 0. 30225 0. 58549 -0. 24590 
NAR 0. 71244 -0. 12996 0. 05602 0. 26452 -0. 01304 0. 43430 
SSR 0. 90748 0. 04614 0. 16503 0. 04721 0. 18188 -0. 03234 
PRR 0. 89432 0. 11593 0. 15765 0. 23784 0. 17826 0. 02603 
MIR 0.  84311 0. 11234 0. 15221 0. 05882 0. 08496 -0. 06591 
I OR 0. 7 4037 -0. 01391 0. 04202 -0. 01983 0. 13865 0. 28489 
CAR 0. 88826 0. 19353 0. 18886 0. 24365 0. 11634 -0. 04503 
RTL i l  0. 06475 0. 86780 -0. 03071 0. 12869 .:.o. 06472 0. 01198 
RMD i l 0. 16572 0. 01719 0. 86391 0. 07986 -0. 02543 0. 11161 
RBL I 1  0. 08887 0. 53128 0. 54080 -0. 15584 0. 04486 0. 43405 
RTL I2 0. 10071 0. 86436 -0. 00471  0. 12530 0. 07960 -0. 13378 
RMD I2 0. 29802 0 . 03434 0. 73826 0. 00152 0. 30004 0. 00566 
RBL I2  0. 02452 0. 60876 0. 16537 -0. 01431 0. 22227 0. 23274 
RTLC 0. 02345 0 . 73807 0. 05422 0. 39987 0. 05250 -0. 00685 
RMDC 0. 11383 0. 08806 0. 74958 0. 19051 0. 19454 -0. 12336 
RBLC 0. 10759 0. 56591 0. 15508 -0. 10049 0. 20622 0. 52809 
Vari ance 4. 783750 3. 335756 2. 458968 2. 303936 2. 281814 1. 251667 
Percentage 21. 74 15. 16 11. 18 10. 47 10. 37 5. 69 
Cumu l ati ve 21. 74 36. 90 48. 08 58. 55 68. 92 74. 61 
Percentage 
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Root Length and Breadth (II). Anterior root size appears 
to be the primary distinction on this factor. Root length for both 
incisors demonstrates the highest weights accompanied by the length 
of the canine root. Moreover, the buccolingual diameter of all 
the anterior teeth displays moderate correlation with this factor. 
A general contrast is observed between these dimensions and the 
measurements of the face. 
Mesiodistal Root Diameter (III). Consistently high loadings 
for the mesiodistal dimensions of the anterior teeth typify the 
patterning evident on this factor. Viewed in conjunction with the 
previous factor, this pattern is interpreted to represent the presence 
of structural integration of corresponding root dimensions among 
• 
teeth as opposed to the existence of strong tooth specific effects. 
Facial Height (IV). The pattern of loadings on this factor 
is similar to that exhibited by the males, except for the moderate 
contribution noted for the canine root length (. 39). Alveolar height, 
upper facial height, and palate depth are distinct from the other 
variables, but it does appear that the length of the canine root 
in females is associated with vertical expansion of the face. 
Palate Size (V). An interesting contrast with the males 
is also observed on this factor. The anterior and mid-palatal factors 
isolated in the male data set are seen to be consolidated into a 
single breadth factor. Bicanine breadth (. 80) and palate breadth 
at Ml-M2 ( . 75) reveal the highest loadings while palate length also 
contributes to some extent. In addition, nasal breadth exhibits 
a moderate weight, and these variables are se�mingly reflecting 
a lateral growth effect of the palate and mid-facial region, i. e. , 
some degree of size integration between nasal width and palate 
breadth. 
Anterior Root Breadth (VI). Interpretation of this factor 
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is not as straightforward as the previous five. Although the canine 
and central incisor root breadths demonstrate moderate loadings, 
nasal breadth, palate depth, and the nasion radii also exhibit some 
degree of correlation with this factor. It was not possible to 
assign a specific meaning to the patterns of loadings aside from 
the apparent contrast between the buccolingual and remaining root 
dimensions. 
Canonical Correlation Results 
The attempt to examine dento-facial integration via canonical 
correlation analysis yielded an interesting series of results. 
Although sex-specific analyses of the 9 root and 13 facial dimensions 
�led to yield a significant correlation between the two sets of 
variables, when all the observations were combined into a single 
pooled sex data set (n=90), the first canonical correlation between 
the root and facial dimensions did demonstrate statistical signifi­
cance (R=0. 78091). Tables 13 and 14 present the resulting canonical 
correlations and the standardized canonical coefficients for the 
root and facial dimensions on the first canonical variables, respectively. 
The product moment correlation coefficients among the root and facial 
measurements are presented in Table 15. 
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Tabl e 13. Resul ts of the Canonical Correl ation Anal ysis for the 
Combined Set of Twenty-Two Dento-Facial Variabl es. 
Canonical Variance Canonical 
Correl ation Ratio R2 F Statistic 
1. 0. 78091 1. 5629 0. 60981 1. 7190* 
2. o .  71547 1. 0488 0. 51190 1. 2205 
3. 0. 45579 0. 2622 0. 20775 0. 7486 
4. 0. 36778 0. 1564 0. 13526 0. 6597 
5. 0. 36232 0. 1511 0. 13127 0. 6332 
6. 0. 32935 0. 1217 0. 10847 0. 5524 
7. 0. 25114 0.0673 0. 06307 0. 4213 
8. 0. 20338 0. 0431 0. 04136 0. 3218 
9 . . 0. 08888 0. 0080 0. 00789 0. 1226 
Trace = 3. 421536 
*P<. 001. 
Tabl e 14. Standardized Canonical Coefficients for the Root and 
Facial Dimensions on the First Canonical Variabl es. 
Variabl e  Facial 1 Variabl e  Root 1 
UFH -0. 3636 RTL i l  0. 1886 
ALVHT 0. 5073 RBL i l  -0. 1538 
B ICBR 0. 1806 RMD I1 0. 4133 
NB -0. 1016 RTL I2 0 . 4203 
PB 0. 2432 RBL I2 -0. 1640 
PD 0. 2252 RMDI2 -0. 2813 
PL -0. 1172 RTLC-= 0 . 177 4 
NAR 0. 3528 RBLC- 0. 2486 
SSR 0. 4948 RMDc- 0 . 4541 
PRR -1. 0624 
M IR -0. 5643 
IOR -0. 3826 
CAR 1. 7643 
Tabl e 15 .  Poo l ed Sex Wi thi n -Group Corre l ati ons for the Twenty-Two Dento-Fac i a l Vari abl es . 
D imens i ons  
Fac i a l Di men s i on s  
UFH ALVHT 
--
BICBR 
- -
NB PB PD PL NAR- -S-SR - � -PRR MIR  IOR 
UFH 1 . 0000 
ALVHT 0 . 7234 1 . 0000 
B I CBR 0 . 2449 0 . 1657 1 . 0000 
NB 0 . 1843 0 . 0738 0 . 3059 1 . 0000 
PB 0 . 2544 0 . 0750 0 . 4234 0 . 2852 1 . 0000 
PD 0 . 5866 0 . 5393 0 . 1086 0 . 0734 0 . 1349 1 . 0000 
PL 0 . 4574 0 . 4544 0 .  4611 0 . 2153 0 . 2530 0 . 2323 1 . 0000 
NAR 0 . 5276 0 . 3087 0 . 3525 0 . 3867 0 . 2458 0 . 3163 0 . 3755 1 . 0000 
SSR 0 . 5594 0 . 2707 0 . 4893 0 . 2494 0 . 3650 0 . 2589 0 . 5880 0 . 7504 1 . 0000 
PRR 0 . 5863 0 . 4153 0 . 4761 0 . 2883 0 . 2888 0 . 3782 0 . 6706 0 .  7 408 0 . 9289 1 . 0000 
MI R 0 . 4852 0 . 2650 0 . 2909 0 . 2432 0 . 3686 0 . 3494 0 . 4170 0 . 6644 0 . 7653 0 .  7830 1 . 0000 
IOR 0 . 5022 0 . 2872 0 . 3863 0 . 3132 0 . 2905 0 . 2722 0 . 4156 0 .  7 400 0 . 7699 0 .  7 489 0 . 6619 1 . 0000 
CAR 0 . 5867 0 . 3914 0 . 4363 0 . 3450 0 . 3084 0 . 3513 0 . 6299 0 . 7252 0 . 9019 0 . 9543 0 . 8341 0 . 7533 
Root Di men s i on s  
RTLi l RBL i l RMD1 1  RTL I 2  RMD I2  RBL I 2  RTLC RMDC 
RTLi l 1 . 0000 
RBL i l  0 . 1185 1 . 0000 
RMD I 1  0 . 0862 0 . 5083 1 . 0000 
RTLI2 0 . 5796 0 . 2883 0 . 0305 1 . 0000 
RMD I2 0 . 0144 0 . 4294 0 . 6714 0 . 1 756 1 . 0000 
RBL I2 0 . 4009 0 . 3834 0 . 2419 0 . 5826 0 . 3192 1 . 0000 
RTLC 0 . 6940 0 . 1590 0 . 1298 0 . 6040 0 . 1014 0 . 3289 1 . 0000 
RMDC 0 . 2297 0 .  4375 0 . 5298 0 . 2363 0 .  5810 0 . 2667 0 . 2885 1 . 0000 
RBLC 0 .  3113 0 . 6072 0 . 4081 0 . 3331 0 . 4583 0 . 4865 0 . 3730 0 . 5459 
CAR 
1 . 0000 
RBLC 
1 . 0000 
As Table 14 illustrates, the first canonical variable for 
the facial measurements emphasizes the canine and prosthion radii 
with a moderate weight for alveolar height, subspinale and the Ml 
radii. The mesiodistal diameter of the central incisor and canine, 
and the root length of the lateral maxillary incisor exhibit sub­
stantial loadings on the first canonical variable for the root dimen­
sions. Judging from the distribution of weights on the first canonical 
correlation, it is evident that individuals characterized by high 
values for the sub-nasal radii and alveolar height demonstrate simi­
larly elevated values for the mesiodistal dimensions of the canine 
and central incisor and for root length of the lateral incisor. 
Anterior mesiodistal root expansion displays the strongest relation­
ship with those radii representing forward projection along the 
anterior alveolus from the canine to prosthion. Although the weights 
for the central incisor and canine root lengths are contrasted with 
the same measurement on the lateral incisor, support is presented 
for the supposition that anterior root length is positively correlated 
with vertical expansion of the upper face. This pattern of associa­
tion indicates. that on the first canonical correlation, evidence 
is offered substantiating the hypothesis of structural integration 
between the size of the anterior tooth roots and facial protrusion. 
An examination of the canonical structure for the first pair 
of canonical variables further illustrates the nature of the associa­
tions identified between the anterior root and facial measurements 
(Table 16). The correlations between the facial dimensions and 
Table 16. Canonical Structure : Correlations Between the Original 
Dimensions and Their First Canonical Variable. 
Variabl e  Facial . I  Variable Root I 
UFH 0. 5785 RTL i l  0. 6846 
ALVHT 0. 5858 RBL i l 0. 3940 
B ICBR 0. 5364 RMDI1  0. 5007 
NB 0. 2899 RTLI2 0. 6502 
PB 0. 4224 RBL I2 0. 3501  
PD 0. 4596 RMDI2 0. 4081 
PL 0. 5503 RTLC 0. 7326 
NAR 0. 6345 RBLC 0. 7281 
SSR 0. 7125 RMDC 0. 6279 
PRR 0. 7449 
M IR 0. 5405 
IOR 0. 5036 
CAR 0. 8029 
their first canonical variable also reveal the contribution from 
� 
the sub-nasal and canine radii and the two measurements representing 
vertical displacement of the upper face (alveolar height and upper 
facial height). Except for the canine, the breadth diameters of 
the anterior tooth roots display the weakest association with their 
first canonical variable, and this is similar to the pattern seen 
in the distribution of the standardized canonical coefficients. 
However, the contributions of the central incisor and canine root 
lengths are observed to parallel root length of the lateral incisor. 
The mesiodistal dimensions of the roots maintain their strong correla­
tion with the first canonical variable. Thus, the effect measured 
on the first canonical correlation relates primarily to the integration 
between alveolar prognathism and mesiodistal expansion of· the anterior 
tooth roots with a notable relationship also apparent between root 
elongation and vertical facial height. Thus, individuals scoring 
highly on the first pair of canonical variables tend to exhibit 
long, wide roots accompanied by increased alveolar protrusion and 
alveolar height. 
Summary of Results 
The findings of both multivariate procedures employed to 
ascertain the extent of intercorrelation between the anterior tooth 
roots and selected palato-facial dimensions in the Arikara yield 
·a pattern of variation suggesting some degree of structural inter­
action. Although the results of the factor analyses tend to support 
a distinction between independent dental and facial components of 
variation, specific instances of inter-dimensional harmony are ap­
parent. For example, in the male sample a tendency toward correlation 
between root length and subnasal protrusion exists on the first 
factor. Secondly, the length of the canine root in females displays 
a moderate association with the facial height factor. It 
is true that the pattern of loadings on each of the other factors 
is not of the magnitude to infer t�e presence of powerful effects 
serving to integrate the root and facial measurements, but an explicit 
test of the strength of the association among the two sets of variables 
through the use of canonical correlation analysis indicates that 
a positive relationship does exist. 
As seen in these results, the basic expectations outlined 
in the beginning of the present chapter are realized. The pattern 
of canonical weights and the review of canonical structure for the 
facial dimensions pinpoint the key variables involved in this correla­
tion as the radii measuring the protrusion of the anterior alveolus. 
The effect is strongest from the canine forward, but it is also 
apprent on the midpalate at the point of the first molar radius. 
The corresponding canonical variable for the dental dimensions empha­
sizes the mesiodistal diameters of the anterior tooth roots in con­
junction with the root length of the lateral incisor. Moreover, 
the correlations between the root measurements and their first canoni­
cal variable indicate an additional contribution from the root lengths 
of the canine and central incisor. Thus, on the first canonical 
correlation an underlying effect is detected which identifies a 
tendency for individuals in the modern sample exhibiting prognathic 
faces and a vertically expanded alveolus to demonstrate concomitant 
enlargement of the anterior tooth roots. Tooth enlargement is pri­
marily manifested as an increase in the distance from the cemento­
enamel junction to the apex, and the distance between the mesial 
and distal aspects of the root. Therefore, the existence of a sig­
nificant correlation between the facial and dental dimensions in 
this comparative population of modern Homo sapiens suggests that 
anterior tooth size, as reflected by selected dimensions of the 
root, is structurally integrated with vertical facial displacement 
and the degree of subnasal prognathism. 
CHAPTER V I I  
DISCUSSION AND CONCLUSION 
Introduction 
Having fulfilled the research objectives initiated at the 
beginning of this investigation, it now remains to place the results 
within the context of anterior dental reduction from archaic to 
modern Homo sapiens . The patterns of variation identified in the 
present analysis are reviewed in particular reference to the absolute 
and relative tooth size differences noted between the two groups 
and the integration between root size and facial size observed in 
the Arikara. It is also necessary to discuss the underlying 
determinants upon root morphology and the extent to which the results 
presented in this analysis serve to delineate the effects of genetic 
and environmental factors impacting upon anterior root formation . 
As previously stated, it is essential to establish the degree to 
which root size is under genetic control in order to fully appreciate 
the meaning of inter-group variability . Upon compl etion of this 
discussion, interpretations are then offered attempting to explore 
and explain the significance of the current results in relation 
to the functional role of the tooth root as the structural extension 
and supporting apparatus of the crown . Finally, the contribution 
of the anterior tooth roots toward the maintenance of robust facial 
morphology (subnasal prognathism and vertical facial expansion) 
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in Neandertals is discussed based on the results of the comparative 
modern population . 
A Developmental Model of Root Formation 
In reference to the question of underlying determinants of 
root maturation, the results obtained in the present series of analysis 
appear to support the developmental model proposed by Kovacs ( 1967, 
1971), emphasizing the heritibility of the cervical two-thirds of 
the tooth root. The positive associations found between corresponding 
root and crown diameters within individual teeth suggest that root 
diameters which are formed subsequent to the development of the 
crown do vary in a similar direction with the size of the crown. 
This is particularly characteristic of the buccolingual dimensions 
as shown in the slopes generated in the simple linear regression 
models for both groups although the mesiodistal diameters also display 
close concordance. In addition, the pattern of factor loadings 
offers support for the integration between corresponding tooth 
dimensions in the male and female samples in the Arikara. Thus 
structural interdependence marks intra-tooth diameter relationships, 
and enlargement in the size of the tooth crown is generally associated 
with concomitant expansion of corresponding root diameters. 
Although in both groups the association between root length 
and corresponding tooth dimensions is not uniform for all anterior 
teeth, root lengths in the Arikara, as seen in the results of the 
factor analysis, do exhibit strong correlation with one another. 
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Whether this represents a common environmental effect ��ring the 
period of apical development or tight genetic control upon the attain­
ment of adult length is not clear. Kovacs ' (1967, 1971) developmental 
model emphasizes the increased influence of non-genetic effects 
during the formation of the _apical third of the tooth root; however, 
the strong correlation between root length and tooth breadth in 
the Arikara and between root length and tooth width in the Neandertals 
would seem to suggest that some degree of systematic integration 
unrelated to random environmental determinants is responsible for 
the patterns of dental variation observed within these samples. 
Thus it is concluded that the patterns of variation seen in these 
data are to a significant degree determined by genetic factors, 
and therefore comparisons generated on the basis of these data can 
legitimately be made. It is also recognized, however, that the 
current research design does not allow partitioning of variance 
attri butable to genetic and environmental components. 
Explanatory Models of Tooth Root Variation 
If the maintenance of large anterior tooth crowns in Neander­
tals is the result of dental loading and masticatory behaviors 
unrelated to food processing (Brace 1967; Brace and Mahler 197 1; 
Wolpoff 1971; Brose and Wolpoff 1971; Smith 1976, 1983, 1985), it 
is reasonable to assume the tooth roots should likewise reflect 
structural modifications required to sustain the additional demands 
(occlusal stress) exerted on the teeth. In other words, dissimilarity 
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in the functional role of the anterior teeth between archaic H. 
sapiens and descendant Upper Paleolithic and more recent human popu­
lations should also be expressed as a divergence in the structural 
configuration of the supporting apparatus for. the crown. Further­
more, if natural selection has operated to maintain an optimal root 
form in response to particular masticatory forces, systematic pattern­
ing should exist between specific characteristics of the tooth root 
and cultural behavior related to the function of the anterior teeth. 
Conversely, if root size and shape are selectively neutral features, 
the individual expression of root morphology is expected to vary 
independently of cultural behavior associated with tooth use. Thus 
human groups not heavily dependent upon the anterior teeth for ex-
. tensive non-masticatory behaviors are expected to demonstrate a 
different pattern of crown and root variation than Upper Pleistocene 
Neandertals. 
Selmer-Olsen (1949a, 1949b) investigated the structure of 
the tooth roots in the human jaw, and he differentiated between 
two major functions they were designed to perform. Stabilization 
is regarded as the primary function of the posterior roots (pre­
molars and molars). This involves the dissipation of short term 
but potentially powerful vertical forces. Root stoutness and robust­
icity are believed to be the most significant structural modifications 
facilitating the stability of the posterior teeth. However, the 
anterior tooth roots are seen to be adapted toward acconunodating 
occlusal forces of a longer duration and generally characterized 
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by increased transverse strain generated in the action of gripping, 
tearing , and shearing . This function is referred to by Selmer-Olsen 
(1949b) as fixation and is particularly characteristic of the canine 
teeth. Additionally it is noted that the resistance to transverse 
force is best accomplished by a tooth exhibiting a longer root, 
since there exists a greater surface area for attachment of the 
periodontal membrane, and since the stress on the periodontal fibers 
decreases as the cervical bundles are separated from those nearer 
the apex. Thus a tooth form which is designed to reduce the strain 
on individual fibers of the periodontal ligament via root elongation 
is better suited to meet the demands of fixation. 
Merbs (1968) also recognizes the relationship between the 
length of the anterior tooth roots and their ability to function 
as the supporting structure of the crown, and he makes a similar 
distinction between vertically and labial-ly directed forces exerted 
upon the anterior teeth. He further discusses the adverse consequences 
in Eskimo populations ultimately manifested as tooth loss resulting 
from a root structure inadequate to meet the occlusal demands of 
a high attrition environment. Excessive non-masticatory behaviors 
and anterior dental loading are cited as the prime causes of tooth 
loss via apical resorption and root shortening among these groups. 
Although Merbs (1968) does not specifically address the necessary 
structural adaptations required to accormnodate the excessive stress 
placed upon the Eskimo's anterior dentition, he does note that root 
length in general is an important factor. 
95 
Framing these reviews of root morphology within the context 
of the current investigation, the occurrence of absolutely longer 
roots in Neandertals is explicable in terms of a structural adapta­
tion functioning to accommodate elevated levels of transversely 
and vertically oriented strain. Smith {1983) has previously argued 
this point in specific reference to the expanded root size observed 
in the Krapina sample of individual anterior teeth, and certainly 
a strong case can be made attributing differences in the morphology 
of the anterior tooth roots between archaic and modern humans to 
the role of extensive non-masticatory behaviors in the former. 
However, it was also discovered in the current investigation that 
the canine and lateral incisor roots in the Neandertals are not 
simply larger versions of the form observed in the Arikara. The 
mesiodistal diameter of the root in the archaic sample demonstrated 
a stronger correlation with root length as opposed to relatively 
greater buccolingual expansion typified in the modern group. Thus 
root length may account for some but not all of the variability 
between the two populations. 
Again turning to the structural configuration of the tooth 
root and i ts function in supporting the crown and dissipating occlusal 
force, it may be possible to further elucidate the underlying meaning 
of ob�erved variation among the root dimensions. Hylander (1977) 
discusses the specific arrangement of the periodontal membrane on 
the maxillary incisors in human· teeth and comments that the surface 
area on the lingual margin of the roots is greater than on the labial 
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side permitting the · attachment of more fibers. This configuration 
is particul arl y wel l suited in resisting forces · generated during 
occl usion ·with the mandibular incisors. Given this situation it 
is argued here that enl arged anterior mesiodistal root diameters 
in Neandertal s  wou ld  provide for even greater periodontal fiber 
attachment on the l ingual aspect of the tooth root. This arrange­
ment, in conjunction with absol utel y  l onger roots, woul d function 
in the maintenance of a highly  efficient structure operating to 
acconmodate and dissipate increased l evel s of vertical and transverse 
force generated by non-masticatory uses of the anterior dentition. 
The fact that root l ength is significantl y  reduced in the 
Arikara and is associated with corresponding enl argement of the 
buccolingual tooth diameters indicates structural resistance to 
transverse and vertical force is no l onger a necessity due probabl y  
to a reduction in the masticatory and non-masticatory demands pl aced 
upon the anterior teeth. This coul d be expl ained as the l ong term 
resu lt  of rel axed $el ection on a root designed for optimization 
of periodontal attachment as improved technol ogy and cul tural buffer­
ing become increasingl y  important components in the evol utionary 
process l eading toward modern humans. However, it coul d al so be 
argued that the anterior tooth form observed in the .modern popul ation 
is the consequence of changing sel ection pressure operating to bring 
about a root form adapted more towards stabil ity than fixation. 
Recal l ing that stabil ization is best achieved by a rel ativel y  robust 
and stout root· design Sel mer-Ol sen (1949b), the rel ative l abia-l ingual 
expansion of the Arikara anterior roots could be interpreted as 
reflecting a structural adaptation geared more toward resistance 
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to forces which are primarily vertical and of a shorter duration. 
Although in these models no explanation is offered for why the central 
incisor in both samples does not exhibit the characteristic root 
form of the other anterior teeth, the patterns of variation observed 
in the lateral incisor and canine in the Neandertals are seen to 
represent an orientation toward the maximization of total surface 
area by root length and mesiodistal expansion, thereby providing 
for enhanced resistance to vertically and transversely directed 
occlusal strain. 
Although the preceding interpretations emphasize the role 
of selection or the absence thereof in determining the patterns 
of root size variation observed between the Arikara and Krapina 
Neandertals, it is also recognized that an alternative conclusion 
can be forwarded which is unrelated to functional demands placed 
upon the anterior teeth. Derived primarily from the results of 
the multivariate procedures employed to examine the intra- and inter­
tooth associations in the Arikara, one· could argue for the operation 
of an evolutionary mechanism invoking developmental interaction 
as the agent of anterior dental reduction. For example, in reference 
to the degree of integration of dimensions between adjoining teeth, 
several interesting patterns were noted in the findings of the root­
crown analysis. The first three factors explain roughly equal pro­
portions of the variance, and each is interpreted as primarily 
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representing a common effect pertaining to tooth width, breadth, 
and root length, respectively (Table 6, page 61). In contrast, 
the canonical correlation analysis tended to distinguish between 
the teeth in such a manner as to indicate the presence of more subtle 
underlying effects selectively integrating the anterior teeth with 
respect to a particular dimension. Specifically, a dichotomy is 
evident between the mesiodistal and buccolingual diameters of the 
central and lateral incisors. Instead of displaying similar loading 
patterns, i� is apparent that the breadths of the central incisor 
and canine are emphasized on the first canonical correlation, while 
the width of the central incisor is singularly stressed on the second 
pair of canonical variables. Thus, an overall contrast is noted 
between the size of the incisors, and furthermore the canine appears 
to be particularly integrated with the central incisor buccolingually 
and the lateral incisor mesiodistally. 
This tendency can be interpreted as reflecting the effects 
of compensatory interaction between the incisors as predicted by 
the developmental model proposed by (Soafer et al. 1971; Soafer 
1973 ). Given that environmental constraints are believed to be 
most pronounced upon the later developing teeth within a morphologi­
cal class , the most distal members of a tooth group generally exhibit 
size reduction and increased variability. The supposition of in­
creased variability inherent in the developmental interaction model 
was tested for these data by examining the coefficients of variation 
for each dental dimension. In addition the coefficients were also 
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calculated for the Neandertal sample as a means of providing 
additional insight into group differences. As Table 17 illus­
trates, the degree of variability is indeed larger among all mesio­
distal and buccolingual diameters of the lateral incisor for both 
the root and crown in the Arikara. In order to control for the 
existence of dimorphic variability in the modern sample, sex specific 
coefficients were also computed. The results (not presented here) 
show a similar pattern of variability among the anterior teeth. 
Moreover, the distribution of variation between the incisors in 
the Neandertals resembles that observed in the modern sample except 
for the breadth diameter of the lateral incisor root. 
Inasmuch as these values reflect actual patterns of variation 
in the maxillary anterior teeth, it is also possible to conclude 
that inter-correlations between corresponding diameters are explicable 
in terms of developmental interaction and not a consequence of relaxed 
selection. By this line of reasoning it is also possible that the 
close association between the breadth of the central incisor and 
canine may represent a common genetic size effect, while the mesio­
distal integration between the canine and l ateral incisor may be 
attributable to local structural constraints contributing to mor­
phological similarity. Interestingly, Scott (1977) noted a common 
underlying developmental basis between the canine and central incisor 
as reflected in the incidence of lingual tubercles among several 
populations of southeastern American Indians. In addition to lending 
support for the existence of developmental similarity between these 
Table 17. Coefficients of Variation for the Root and Crown 
Dimensions in the Archaic and Modern H. sapiens 
Samples. 
Krapina 
Variable c . v . 
Root Length 
11 5. 14 
12 7. 40 
c- 7. 13 
Root Mes iodi sta 1 
11 10. 69 
12 10. 86 
c- 10. 45 
Root Buccolingual 
11 7. 41 · 
12 7.03 
c- 8. 40 
Crown Mesiodistal 
11 5. 15 
12 5. 78 
c- 5. 86 
Crown Buccolingual 
11 6. 00 
1 2  6 . 7 3 
c- 5. 67 
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Larson 
c . v .  
13·. 62 
10. 82 
10. 96 
9. 57 
9. 66 
8. 84 
6. 29 
9. 63 
7. 40 
6. 71 
7. 45 
5. 64 
5. 83 
8 . 3 1  
5. 50 
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teeth, it is also worth noting that the coexistence of lingual tubercles 
would primarily affect the correlation between breadth diameters. 
However, the expression of morphogenetic fields in this region of 
the dentition involves several complex interactions and overlapping 
effects, which have also been interpreted as representing structural 
disharmony between regional tooth classes (Garn Swindler and Kerewsky 
1966; Turner 1969; Lombardi 1975). Although the · supposttion of 
developmental interaction cannot be directly confirmed in the Neander­
tals solely on the basis of the distribution of incisor variability, 
parallels with the moderns are also relatively consistent as seen 
in the relationsh1 p  between corresponding root and crown diameters 
elucidated in the regression analysis. 
Accepting the premise that the current results are interpret­
able within the framework of several different evolutionary models 
of anterior dental reduction, an effort is now made to select the 
model which best explains the patterns of variation identified in 
the present investigation. Selection for a 11stabelizing 11 anterior 
root morphology was offered as a possible mechanism of dental altera­
tion. Although it is not currently practical, due to the absence 
of comparative data, to explain how this arrangement specifically 
would provide an adaptive advantage in modern ,!!. sapiens, the distribu­
tion of variance in the modern sample conforms to the pattern pre­
dicted by a selection model. As discussed in Chapter II, if directional 
selection was operating upon the dimensions of the anterior teeth 
during the transition from archaic to modern Homo sapiens, a 
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systematic trend toward decreasing variJbility should be evident 
in more recent human populations (Wolpoff 1969, 1971; Frayer 1978). 
This contention is supported by the distribution of variance in 
these data as measured by the coefficients of variation for both 
samples. Despite the fact that in the modern sample increased varia­
bility characterizes all of the anterior root lengths and three 
of the four lateral incisor tooth diameters, the root and crown 
diameters of the canine and central incisor do exhibit less varia­
bility than the Neandertals. The mesiodistal dimension of the central 
incisor is the one exception; however, the differential effects 
of interproximal attrition could explain this discrepancy. There­
fore, the differences in dental variability noted between the moderns 
and Neandertals could be interpreted as reflecting the effects of 
directional selection for smaller tooth size, thus providing support 
for it as a significant force in the reduction process. 
The changing patterns of intra-tooth associations in the 
modern sample could alternatively be explained as a result of the 
probable mutation effect. As intense selection for large anterior 
teeth useful in the performance of non-masticatory behaviors was 
rel axed with the advent of more efficient technology and food pro­
cessing strategies, the adaptive advantage of a stress resistant 
root form diminished and structural reduction proceeded as outl ined 
by Brace (1963, 1964, 1967), Brace and Mahler (1971), and Smith (1983). 
Although the variance observed in this study does not systematically 
increase through time as the model would predict, it has been 
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demonstrated that there exists a trend toward elevated variability 
in the modern dental dimensions , especially for the anterior root 
lengths. It is not possible to know with certainty whether the 
probable mutation effect was the responsible mechanism contributing 
to anterior dental modification in Post-Pleistocene human populations, 
but based on the results of the current dental analysis, it cannot 
be totally abandoned as a useless model· of anterior tooth size reduc­
tion. 
Developmental interaction is also submitted as a tenable 
model of evolutionary dental change, and based on the patterns of 
variability observed in the central and lateral incisors, it also 
cannot be discounted. Although the product moment correlations 
between correspondi ng dimensions on these teeth are· not negative, 
it is probably not coincidental that the root and crown diameters 
of the lateral incisor in both the Neandertals and Arikara are more 
variable than the central incisor. Whether this alone is strong 
enough support to interject the assumption that this pattern in 
the consequence of corresponding facial reduction is questio�able. 
It still remains to demonstrate the selective advantage of a more 
gracile facial morphology, which is presumably dictating the changes 
observed in the masticatory structures (Soafer 1973). 
In sum, it is concluded that the absolute and relative tooth 
size differences between the two sample populations examined here 
are explicable through a model invoking natural selection as the 
mechanism maintaining an anterior dental morphology adapted to resisting 
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increased l evel s  of transversel y  and vertical l y  oriented occl usal 
force in Neandertal groups . If the functional interpretations of 
the root and crown rel ationships within individual anterior teeth 
is correct, the chal l enge now l ies in interpreting the changing 
patterns of intra-tooth associations in the modern sampl e .  Several 
possibl e  causes of dental modification have been proposed, but none 
can be directl y  confirmed based sol el y on the findings of the root­
crown anal yses. However, in the fol l owing section the impl ications 
of the dento-facial anal ysis are discussed, and these provide addi­
tional insight into the role  of evol utionary forces facil itating 
changes in anterior dental morphology from archaic to modern H .  
sapiens . 
Dento-Facial Integration and the Reduction Process 
As summarized at the cl ose of Chapter V I, the patterns of 
root and gnathic rel ationships el ucidated in the comparative modern 
sampl e do support the contention of substantial intercorrel ation 
as proposed by F .  Smith (1976, 1983) in Neandertal s. The presence 
of a significant canonical correlation between the selected facial 
measurements and root dimensions (l ength, mesiodistal ,  buccolingual )  
indicate that in this group of Pl ains Indian Arikara, anterior root 
l ength is integrated with vertical facial displ acement and root 
size (width) does appear to be associated with the degree of facial 
l ength and subnasal prognathism . In addition, the factor anal ysis 
empl oyed in the investigation of the individual mal e  and femal e 
105 
samples does point to a small correlation between anterior root 
lengths and facial length in the former and between canine root 
length and vertical facial displacement in the latter. It is also 
noted that the root breadth diameters in the Arikara do not seem 
to be as strongly associated with subnasal prognathism as the other 
root dimensions. Nevertheless, the extent of integration among 
the root and facial measurements in the comparative modern population 
is of the magnitude to infer the existence of an underlying effect 
operating to maintain structural harmony between the two sets of 
variables. 
Extrapolation of these results to actual patterns of dento-facial 
associations that existed in Neandertal populations provides the 
greatest challenge to the current investigation . Given the non­
existence of comparative data available regarding the integration 
of corresponding anterior root and facial dimensions in Neandertals, 
the results of the present study are not easily evaluated as to 
conformity with patterns of variation previously identified by other . 
researchers. Although it has been demonstrated that a clear relation­
ship is evident between the root and facial dimensions in the Arikara, 
this association does not necessarily imply that such a relationship 
was characteristic of archaic Homo sapiens. However, the findings 
do give credence to an interpretation that recognizes the correlation 
between these variables, and since expansion in the length of the 
face in the moderns, particularly in the region of the anterior 
alveolus, is visibly correlated with greater width of the anterior 
root diameters, it is inferred here that facial robusticity and 
prognathism in archaic !!· sapiens also reflects· the increased size 
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of the anterior tooth roots. As seen in the relationship between 
alveolar height and root elongation, large vertical facial dimensions 
in Nea�dertals can be explained in a similar fashion (Smith 1983). 
Having already demonstrated that large anterior dental dimensipns 
in Neandertals are functionally adaptive and that the relative dif­
ferences observed with the modern group are explicable in terms 
of providing increased resistance to occlusal stress, increased 
facial length and prognathism in Neandertals can be interpreted 
as secondary effects occurring in response to selection acting directly 
on the anterior masticatory structure. Large anterior teeth would 
necessitate an increase in the size of the jaw and surrounding alveolus 
to accommodate them, and secondly, as a consequence of the extensive 
dental loading practiced by Neandertals, large, buttressed faces 
develop as part of a functional complex serving to dissipate greater 
levels of force generated during mastication (Smith and Raynard 
1980; Smith 1983). In the present study it has been shown that 
mesio-distal root expansion in Neandertals accompanies root elongation 
and this arrangement in conjunction with the evidence obtained in 
the dento-facial analysis in the Arikara indicating that root width 
(mesiodistal expansion) is correlated with an elevated degree of 
alveolar and sub-nasal prognathism, strongly suggests that Neandertal 
facial structure results from increased anterior tooth (root) size. 
Inferences of cause and effect are often difficult to defend, but 
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inasmuch as the results derived from the current analysis accurately 
reflect the intra-tooth configurations and the dento-facial relation­
ships among archaic Homo sapiens, the conclusion is forwarded assert­
ing the importance of large anterior tooth dimensions in maintaining 
a prognathic and vertically expanded facial morphology in Nea�dertal 
populations. Given the relatively limited scope of the current 
focus, it must be acknowledged that additional research is required 
on a larger number of comparative samples in order to verify these 
findings and gain a more complete understanding regarding the nature 
of dental (root ) and facial integration. 
Before closing this discussion, a final word must be inter­
jected concerning the evolutionary mechanisms producing dental change 
during the Upper Pleistocene. Having argued here that selection 
operated in the maintenance of an optimal root form in Neandertals 
and that root size is related to forward and vertical expansion 
of the anterior alveolus in the comparative modern sample, it would 
be useful to provide additional insight into the purported causes 
of anterior tooth size reduction. The patterns of dental variation 
observed in the anal ysis of the root and crown diameters suggests 
that variance has decreased in the central incisor and canine through 
time, and this is the theoretical outcome of directional selection 
acting on a morphological dimension. Moreover, the extent of inte­
gration between the root and facial measurements seen in the second 
phase of this study .indicate that there exists some underlying mechanism 
serving to constrain these variables within specific structural 
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limits. If random mutation (i. e. , The Probable Mutation Effect) 
was the responsible agent of dental reduction and the size of the 
teeth were free to vary downward independent of selective pressures, 
a directional association between specific dimensions of the teeth 
and face would not be expected. However, the current results seem 
to demonstrate that a significant correlation exists between these 
variables. 
The concomitant reduction in dental and facial dimensions 
during the Upper Paleolithic have been attributed to a wide range 
of selective factors (Chapter II). Whether selective pressure di­
rectly on the dentition is bringing about associated facial size 
decline or vice versa, behavioral shifts in Paleolithic populations 
related to improved technology and cultural sophistication are generally 
held as the underlying source of morphological change (Frayer 1978; 
Smith 1983). The specific effects of behavioral modification upon 
the teeth and jaws are debatable, and no firm consensus exists as 
to which structure was most sensitive to technological advancement. 
Therefore, while it is not currently possible to isolate the particu­
lar sequence of evolutionary events leading toward dento-facial 
gracilization in modern humans, it is argued here that selection 
functioned to sustain large dental dimensions in Neandertals and 
that the patterns of variation uncovered between the archaic and 
modern H. sapiens in this study favor the invocation of natural 
selection as an important mechanism in the process of anterior dental 
reduction since the Upper Pleistocene. 
CHAPTER VIII 
SUMMARY 
The preceding investigation has attempted to address the 
problem of anterior dental reduction from archaic to modern Homo 
sapiens by focusing on tooth root dimensions as the primary unit 
of analysis. During the initial phase of this study the relationship 
between corresponding anterior root and crown dimensions was explored 
in representative populations from each temporal period utilizing 
a series of univariate and multivariate procedures. The samples 
chosen for comparison were a collection of isolated teeth from an 
Upper Pleistocene Neandertal context (Krapina, Yugoslavia) and an 
historic Plains Indian Arikara population (Larson site, South Dakota). 
The fundamental research objective of the root-crown analysis was 
aimed at identifying the extent of absolute and relative tooth size 
differences existing between the groups and relating the observed 
patterns of variation to functional demands necessitating divergent 
dental configurations. Absolute tooth size differences between 
the samples were found to be statistically significant for all di­
mensions considered. In addition, the results indicate that both 
groups exhibit relative similarity in the degree of correlation 
between corresponding tooth diameters (mesiodistal, buccolingual), 
but they display marked di.vergence regarding the association between 
root length and accompanying root and crown diameters, especially 
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i n  the can i ne and lateral i ncisor. These di fferences were pri mari ly 
man i fested as a stronger associ ati on between the mesiodistal di ameter 
of the root and root length i n  the archai c  sample contrasted wi th 
relatively greater buccoli ngual expansion associated wi th root elonga­
tion i n  the modern group. The lack of concordance between the compara­
ti ve populations was i nterpreted as reflecti ng the di fferential 
effects of selecti on mai ntai n i ng a tooth form i n  the Neandertals 
highly efficient at di ssi pati ng i ncreased levels of occlusal force 
generated as the result of extensive use of the anterior teeth for 
non-masti catory behavi ors. An alternati ve hypothesis  was also for­
warded supporti ng a model of anterior dental reducti on explicable 
i n  terms of developmental i nteraction between members of a morphologi­
cal tooth class. 
The second phase of thi s  i nvesti gation i nvolved the analysis 
of the relati onshi p between anterior root di mensi ons (length, mesio­
di stal, buccoli ngual) and selected measures of facial forwardness 
and vertical facial di splacement i n  an expanded sample of the Plai ns 
Arikara. By focusi ng on a homogeneous modern population an endeavor 
was put forth to explore the degree of integration between these 
vari ables i n  order to test the proposi ti on that expanded root di men­
sions were· responsi ble for mai ntai n i ng robust facial morphology 
characteri sti c of Neandertals. Factor analysi s and canon i cal cor­
relation analysi s  were employed as the methods of i nqui ry wi th the 
objective of identifyi ng the i nternal structure among the vari ables 
and explicitly testi ng the strength of associati on between the two 
1 1 1  
sets of dimensions . Although the individual male and female samples 
yielded slightly divergent patterns of variability , it was concluded 
that based on the findings in this particular population , significant 
integration exists between the facial and dental (root) dimensions . 
Insofar as these results are applicable to archaic Homo sapiens , 
it was further concluded that expanded anterior dentition was responsible 
for maintaining robust facial morphology in Neandertal populations . 
The difficulty with this interpretation is also discussed . 
Finally it is concluded that the analysis of tooth root dimen­
sions holds great promise as an untapped measure of human variation , 
both past and present . Hopefully the findings elucidated in the 
current study will be expounded upon by future researchers and other 
fruitful avenues of inquiry involving the patterns of root size 
variation and the association with corresponding crown dimensions 
and facial measurements will be explored in an attempt to further 
understand the nature of inter-populational dental variability . 
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APPEND I CES 
APPEND I X  A 
REGRESS ION MODELS EMPLOYED TO ESTIMATE M ISS ING 
MAX I LLARY ANTER IOR ROOT D IMENS I ONS 
Table 18. Missing Value Estimates for Krapina Root Lengths. 
Tooth Regression Model R2 df F* Prob > F 
1 1 = 13. 941-2. 105 (RBL l l) + 2. 562 (CBLl l) . 23 6 . 63 . 5786 
12 = 33. 946-3. 494 (RBLC) + 1 (RMDC)-5. 059 . 82 8 7. 80 . 0240 
(CBLC) 
c- = 54. 770-3. 184 (RBL l2) + 3.22 (RMD12) + . 80 8 6. 78 . 0320 
3. 4 (CMD12) 
125 
126 
Tabl e 19. Missing Val ue Estimates for Arikara Root Dimensions. 
Variable ·  Regression Model R2 df F* Prob > F 
a. RMD 1 1  = 2.073 + . 588 (RMD12) - .048 (RTL I2) . 45 86 22. 9 . 0001 
+ . 30 (RMDC) 
b .  RMD1 1 = 1. 354 + . 5 11 (RMD 12) - . 108 (RTL I2) . 5 1 54 13. 3 . 0001 
+ . 36 (RMDC) + . 236 (CBL I2) 
RBL i l  = 3. 121 + . 037 (RTL I2) - . 035 (RTLC) . 38 85 17. 4 . 0001 
+ . 426 (RBLC) 
RTL i l  = · 1. 547 - . 124 (RMD 12) + . 241  (RTL I2) . 51 85 28. 9 . 0001 
+ . 50 (RTLC) 
RMD12 = . 692 - . 023 (RTL i l) + . 330 (RMD1 1) . 49 85 20. 2 . 0001 
+ . 015 (RTLC) + . 392 (RMDC) . 
a. RBL I2 = 1. 802 + . 122 (RTL i l) + . 380 (RBL i l) . 24 86 13. 6 . 0001 
b .  RBL I2 = 3. 54 + . 449 (RBL i l) + . 06 1  (RTLC) . 26 48 5. 3 . 003 
- . 204 (CMDC) 
a. RTL I2 = 2. 73 - .366 (RMD 1 1) + . 832 (RBL i l) . 4 1  8 5  19. 1 . 0001 
+ . 43 (RTLC) 
b .  RTL I2 = 1. 272 + . 313 (RTL i l) - . 564 ( RMD l 1) . 44 53 9. 7 . 0001 
+ (CBL i l) + . 207 (RTLC) 
APPENDIX B 
CORRELATION MATRICES 
Tabl e 20. Poo l ed Sex Wi thi n -Group Correl ati ons for the Fi fteen Root and Crown Vari ab l es.  
Vari ab l es  
RTL I 1  RBL I 1  RMD I 1  CBL I 1  CMD I 1  RTL I2  RBL I2  
RTL I 1  1. 0000 
RBLi l 0. 0443 1. 0000 
RMD I 1 - . 0305 0. 4675 1. 0000 
CBL i l - . 0946 0. 7160 o .  5807 1. 0000 
CMD I 1 - . 0765 0. 4545 0. 6588 0. 6975 1. 0000 
RTL I2  0. 6368 0. 1645 -. 1110 0. 1433 0. 0051 1. 0000 
RBL I2  0 .  3777 0. 3216 0. 0778 0. 2011 0. 0047 0. 5949 1. 0000 
RMD I2  -. 0513 0. 3809 0. 6290 0. 4616 0. 3136 0. 0997 0. 1742 
CBL I2  0. 1870 0. 0751 0. 3248 0. 3739 0. 2880 0. 3338 0. 6581 
CMD I2 0. 0441 -. 0296 0. 3656 0. 2697 0. 4252 0. 1769 0. 3050 
� RTLC 0. 7835 0. 0738 - . 0167 0. 1186 -. 0517 0. 6832 0. 3693 
00 RBLC 0. 3415  0. 6169 0. 3203 0. 5191 0. 2244 0. 3475 0. 3429 
RMDC 0. 1760 0. 3117 0. 6234 0. 3606 0. 2541 0. 0938 0. 0312 
CBLC 0. 0491 0. 5606 0. 4416 0. 6477 0. 3977 0. 1688 0. 2105 
CMDC 0. 2482 0. 3096 0. 5264 0. 4421 0. 5247 0. 2208 0. 0083 
CBL I2 CMDI2 RTLC RBLC RMDC CBLC CMDC 
CBL I2  1. 0000 
CMD I2  0. 6865 1. 0000 
RTLC 0 . 17 31 0. 0562 1. 0000 
RBLC 0. 0805 0. 0154 0. 5521 1. 0000 
RMDC 0. 1089 0. 2283 0. 2562 0. 4686 1. 0000 
CBLC 0. 2220 0. 2235 0. 2350 0. 8098 0. 4702 1. 0000 
CMDC 0. 1632 0. 3056 0. 3362 0. 4813 0. 7012 0. 5549 1. 0000 
RMD I2  
1. 0000 
0. 2047 
0. 3593 
0. 1701 
0. 4700 
0. 6771  
0. 5218 
0. 5816 
Table 21 .  Sex Specific  Wi thi n-Group Correlat ion Matri x of the Twenty-Two Dento-Fac ia l  Variabl es (Males ) .  
Var1!,1H 
UFH ALYHT BICBR NB PB PD PL NAR SSR PRR MIR  
UFH 1 . 0000 
ALVHT 0 . 7312 1 . 0000 
BICBR - . 0621 0 . 0868 1 . 0000 
NB - .0621 - . 2493 0 . 1557 1 . 0000 
PB 0. 0260 - . 0861 0 . 0409 0 . 0269 1 . 0000 
PD o. 7 169 0 . 6756 - . 0449 - . 1049 0 .0 107 1 . 0000 
PL 0 . 3131 0.4314 0 . 2676 0 . 0278 - . 2248 0 . 1287 1 . 0000 
NAR O . l l51  0 . 1504 0 . 0983 0 . 3501 - .0171  0 .0 154 0 . 2847 1 . 0000 
SSR 0 . 2182 0 . 2089 0 . 2879 0 .0476 0 . 0229 0 . 0000 0 . 5278 0 . 4315 1 . 0000 
PRR o. 2932 0 . 3515 0 . 3354 0 . 1203 - . 1 193 0 . 1812 0 . 6413 0 . 4538 0 . 8770 1 . 0000 
MIR  0 . 1472 0 . 1567 0 . 0686 0 .0043 - . 0485 0 . 1928 0 . 1707 0 . 2535 0 . 4141 0 . 511� 1 . 0000 
IOR 0 . 3039 0 . 2266 0. 0407 0, 2684 - . 0 1 14 0. 0260 0 . 2886 0 . 5638 0 . 6021 0 . 5169 o.  3936 
CAR 0 . 2524 0. 2853 0 . 3216 0 . 27 17 - . 09 19 0 . 1506 0 . 6085 0 .4644 0 . 7989 0 . 9 174 0 . 5976 
RTL i l  0 . 1877 0. 3269 0 . 1 1 14 0 . 2466 - . 0130 0 . 2005 0 , 3882 0 . 4201 0 . 4138 0 . 4938 - . 0442 
RMDi l  - . 1305 0 .0007 0 . 3794 0 . 0959 0 . 1041 - . 2321 - . 0791  - . 0003 0 .0263 0 . 0988 0. 0024 
RBLl l - . 0568 0. 0142 0 . 4634 0 . 17 1 1 - . 1257 - . 1337 0 . 0606 0 . 1344 - . 0753 0 . 0228 0 . 0518 
RTLl 2  0. 1589 0 . 3928 o. 1650 0 .0403 - . 1195  0 . 1888 0 . 5104 0 . 4072 0 . 3413  0 . 4930 0 . 1355 
RMDI2  - . 2090 - . 1257 0 . 2662 - . 0822 - . 1622 - . 2609 - . 1666 0 . 000 1 0 .0565 0 . 0553 - . 1328 
RBLl2  - .0187 0 . 1521 0 . 2644 0 . 1925 - . 1299 0 .0490 0 . 2459 0 . 2339 0 . 1736 0 . 2890 - . 0206 
RTLC 0 . 2003 0 . 3805 0 . 0455 0 . 2085 0 . 1470 0 . 1759 0 . 37 13 0 . 3700 0 . 47 17 0 . 4966 - . 0517 
RMOC - .0129 0 . 1241 0 . 4006 O. l l48 0 .0283 0 .0285 0 .0317 0 . 2538 0 . 1225 0 . 1551 - . 2269 
RBLC - . 1242 - . 0227 0. 4185 0 . 1743 0 . 0095 - . 0483 0 . 1405 0 . 0185 0 . 1921 o .  2442 · 0 .0910 
IOR CAR RTLi l  RMDi l RBL l l  RTLI2  RMD I2  RBLl2  RTLC RMDC RBLC 
IOR 1 . 0000 
CAR 0 . 6228 1 .0000 
RTL i l  0 . 2786 0 . 5024 1 . 0000 
RMDU - .0366 0.0758 - . 0595 1 . 0000 
RBLi l - . 0385 - . 0223 - . 1923 0 . 3582 1 . 0000 
RTLI2 0. 1800 0. 4192 0 . 4843 - . 1 126 0 .0782 1 . 0000 
RMD12  - .0914 - . 0706 - . 0570 0 . 6257 0 . 31 1 1  0 . 1025 1 . 0000 
RBLl2  0. 1380 0 . 2124 0 . 3578 0 . 2025 0 . 2468 0 . 6389 0 . 3499 1 . 0000 
RTLC 0. 2486 0 .4685 0 . 7662 0. 0518 - . 1239 o .  5098 - . 0831 0. 3261 1 . 0000 
Rlt:IC 0. 0424 0 .0881 0 . 24 1 1  0 . 3219 0 . 3185 0 . 1555 0. 4442 0 . 1992 o.  2632 1 . 0000 
RBLC 0 . 0258 0 . 2315 0 . 1818 0 . 4591 0. 4954 0 . 2147 0 . 4223 0 . 4950 0 . 2426 0 . 3496 1 . 0000 
Tabl e 22 . 
UFH 
ALVHT 
BICBR 
NB 
PB 
PD 
PL 
NAR 
SSR 
PRR 
MIR 
IOR 
CAR 
RTL i l  
RMD i l  
RBL i l  
RTLI 2  
Rll>I 2  
RBLI2  
RTLC 
RHDC 
RBLC 
IOR 
CAR 
RTL i l  
RMD i l  
RBLi l  
RTLl 2  
RMDI2 
RBLI 2  
RTLC 
RMOC 
RBLC 
Sex Specific  Wfthf n-Group Correlat ion Matri x of the Twenty-Two Dento- Fac i a l  Vari abl es ( Females ) . 
UFH ALVHT B ICBR NB PB 
1 . 0000 
0. 7645 1 . 0000 
0. 0342 0.0621 1 . 0000 
0 . 2951 0 . 2762 0 . 3312 1 . 0000 
0. 1508 0.07 16 0 . 5322 0 . 4368 1 .0000 
0. 2326 0. 3470 - . 0394 0 . 1707 0 .0820 
0. 4343 0. 4062 0 . 4697 0. 2993 0 . 5086 
0. 4476 0. 2630 0 .0895 0. 3890 0. 1204 
0. 4237 0. 1346 0 . 27 18 0 . 2760 0 . 3455 
0 . 5078 0. 3612 0 . 2631 0. 3206 o. 3242 
o. 3277 0 . 1694 - . 0002 0 . 2940 0 .  4275 
0. 2151 0. 1658 0 . 2549 0. 2527 0 . 2484 
0. 5406 0. 3608 0 . 1481 0 . 3233 0 . 3499 
0 . 1218 0. 3667 0 . 0353 - . 0164 0 . 1357 
0 . 2460 0. 1272 0 . 1844 0. 0278 0 . 2583 
0.0366 0. 1622 0 . 3085 0 .0455 0 . 1519 
0. 1626 o. 3596 0. 1 153 · 0 . 101 1  0 . 1863 
0. 1593 0. 1403 0 . 3361 0 . 1984 o. 3975 
0 .0671 0 . 2647 0 . 1797 0. 1768 0 . 2685 
0 . 3382 0 .4773 0. 0302 0 . 1380 0 . 2029 
0 . 2633 0 .2743 0 . 2531 0 . 1087 0 . 2866 
- . 0155 0. 1020 0 . 2754 0 . 2535 0 . 1896 
IOR CAR RTLi l  RMDi l RBL l l  
1 . 0000 
0 . 6041 1 . 0000 
0 .0367 0 . 2075 1 . 0000 
o. 1827 0. 3279 0. 1008 1 .0000 
0 .241 1  0 . 2336 0 . 4021 0 . 4915 1 . 0000 
0.0310 0 . 3064 0 . 7 134 0 .0091 0 . 3966 
0 . 3395 0 . 4173 - . 0281 0 . 6364 0 . 3884 
0. 1164 0. 2018 0 . 44 1 1  0 . 1874 0 . 5080 
0. 0624 0. 2683 0 . 6 1 1 4  0 . 1008 0 . 3430 
0. 0503 0 . 3475 0 .0538 0 . 5239 0 . 3134 
0. 1456 0. 2366 0 . 4263 0 . 0908 0 . 587 1 
VITiabl!S 
PD 
1 . 0000 
o. 1846 
0. 2458 
o .  1212 
0 . 3042 
0 . 2 1 10 
o .  17 18 
0 . 2673 
0 . 3209 
0 . 1374 
0 .0767 
0 . 1934 
0 .0528 
0 . 1417 
0 . 3703 
0 . 0244 
o. 2621 
RTLI 2  
1 . 0000 
0 . 1284 
0. 4874 
0 . 6773 
0 . 1556 
0 . 3498 
PL 
1 . 0000 
0. 2358 
0 . 5604 
0 . 6492 
0 . 4 1 18 
0 . 3320 
0 . 5771  
0 . 1776 
0 . 1411  
0 . 1218 
0 . 2273 
0. 4323 
0 . 2585 
0 . 2969 
0 . 3387 
0 . 2023 
RMD I 2  
1 . 0000 
0. 1724 
o. 1 549 
o. 5499 
o. 2342 
NAR SSR 
1 . 0000 
0 . 6586 1 . 0000 
0 . 6665 0 . 9011  
0 . 5531 0 . 7323 
0 . 5813  0 . 6389 
0. 6231 0 .8755 
0 . 0014 0 . 1026 
0 . 2097 0 . 2885 
0 . 1686 0 . 2288 
- .0060 0. 1701 
O . l244 0 . 3972 
0 .0533 0. 0597 
0 . 0289 0. 0909 
0 . 1491 0 . 2848 
0. 1859 0 . 1775 
RBL I 2  RTLC 
1 . 0000 
0 . 2784 1 . 0000 
0. 1618 0. 1746 
0 . 4169 0 . 4383 
PRR MIR  
1 . 0000 
0 . 7526 1 .0000 
0. 6839 0 . 5234 
0 . 9433 0. 8450 
0 . 1825 0 . 1206 
0. 2992 0. 2678 
o. 2257 0. 1 137 
0 . 1957 0 . 1990 
0. 4387 o. 3946 
0 . 1 546 0. 1638 
0 . 2083 0 . 1280 
0. 2858 o. 3236 
0 . 2147 0 . 2132 
RMDC RBLC 
1 .0000 
0 . 2574 1 . 0000 
..... 
Table 23 . Pooled Sex Wi thin-Group Correl ation Matrix for the Twenty-Two Dento-Fac ia l  Variables.  
V1rt111tl!I 
UFH ALVHT BICBR NB PB PD· PL NAR 
UFH 1 . 0000 
ALVHT 0. 7234 1 . 0000 
BICBR 0 . 2449 0 . 1657 1 . 0000 
NB 0. 1843 0 .0738 0 . 3059 1 . 0000 
PB 0 . 2544 0 .0750 0 . 4234 0 . 2852 1 .0000 
PD 0. 5866 0 . 5393 0 . 1086 0 . 07 34 0 . 1349 1 . 0000 
PL 0 . 4574 0 . 4544 0 . 4611  0 . 2153 0. 2530 0. 2323 1 . 0000 
NAR 0. 5276 0 . 3087 0 . 3525 0 . 3867 0 . 2458 0. 3163 0. 3755 1 . 0000 
SSR 0 . 5594 0 . 2707 0 . 4893 0 . 2494 0 . 3650 0 . 2589 0 . 5880 0 . 7504 
PRR 0 . 5863 0 .4153 0 . 4761 0 . 2883 0 . 2888 0 . 3782 0. 6706 0 . 7408 
M IR  0 . 4852 0. 2650 0 . 2909 0 . 2432 0 . 3686 0 . 3494 0 . 4 170 0 . 6644 
I OR 0. 5022 0. 2872 0 . 3863 0 . 3132 0 . 2905 0 . 2722 0 . 4156 0 . 7400 
CAR 0. 5867 0 . 3914 0 . 4363 0 . 3450 0 . 3084 0 . 3513 0 . 6299 0 . 7252 
RTL l l  0 . 2245 0 . 3602 0 . 1368 0 . 1587 0 .0925 0 . 2883 0 . 3197 0 . 2778 
RMD l l  0. 2606 0. 1590 0 . 387 1 0 . 1208 0 . 2867 0 .0997 0 . 1583 0 . 3515 
RBLl l  0 . 1769 0. 1663 0. 4703 0. 1610 0 . 1342 0 . 0816 0. 1859 0 . 3308 
RTLI2  0. 2345 0. 3983 0 . 2099 0 . 105 1 0 . 1040 0 . 2313 0 . 3962 0 . 2459 
RMDI2  0. 1677 0 .0991 0 . 4210 0 . 1264 0 . 2459 0 . 0087 0. 246 1 0 . 3 102 
RBLI2  0 . 1 194 0. 2278 0 . 2843 0 . 2137 0 . 0986 0 . 1367 0 . 2875 0 . 2342 
RTLC 0. 3102 0. 4447 0 . 1221 0 . 2054 0 . 2329 0 . 2839 0 . 3660 0. 2360 
RMDC 0 . 3931 0. 2841 0 . 5114 0 . 2024 o. 3221 0 . 2065 0 . 3 126 o. 4949 
RBLC 0. 2559 0 . 1583 0 . 5165 0 . 2792 0 . 2762 0 . 2391 0 . 3040 0. 4199 
IOR CAR RTLl l RMDl l  RBL l l  RTLI2  RK> I 2  RBLI2 
I OR 1 . 0000 
CAR o. 7533 1 .0000 
RTLl l 0 . 2392 0 . 3900 1 . 0000 
RMDl l  o .  3047 0 . 3990 0 . 0862 1 . 0000 
RBL i l  0 . 2890 0. 2924 0 . 1 185 0 . 5083. 1 . 0000 
RTLI2  0. 1904 0 . 3938 0 . 5796 0 .0305 0 . 2883 1 .0000 
RMD12 0 . 31 17 0 . 3540 0 .0 144 0 . 67 14 0 . 4294 0 . 1756 1 . 0000 
RBLI2  0. 2170 0. 2777 0 . 4009 0. 2419 0 . 3834 o. 5826 0. 3192 1 . 0000 
RTLC 0 . 2206 0 . 3899 0. 6940 0 . 1298 0. 1590 0 . 6040 0 . 1014 0 . 3289 
RHDC 0 . 3833 0 . 4891 0 . 2297 0 . 5298 0. 4375 0. 2363 0 . 5810 0 . 2667 
RBLC 0 . 3891 0. 4903 0 . 3113  0 . 4081 0 . 6072 0 . 3331 0. 4583 0. 4865 
SSR 
1 .0000 
0. 9289 
0 . 7653 
0 . 7699 
0 . 9019 
0. 3036 
0 . 3873 
0 . 2941 
0 . 3038 
0 . 4072 
0 . 2183 
0 . 3 100 
o .  5110 
0 . 4824 
RTLC 
1 . 0000 
0 . 2885 
0 . 3730 
PRR 
1 . 0000 
0 . 7830 
0 . 7489 
o. 9543 
0. 3704 
0 . 3973 
0 . 3053 
0 . 3667 
0 . 4083 
0 . 2891 
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